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Executive  Summary 


The  overall  objective  of  this  program  was  to  provide  a  fundamental  understanding  of  the 
processing  science  and  technology  necessary  to  fabricate  ceramic-matrix,  intermetallic- 
matrix,  and  metal-matrix  composites  with  superior  mechanical  properties  in  high 
temperature  and  oxidizing  environments.  The  composites  are  intended  for  use  as 
structural  materials  for  advanced  aerospace  applications  at  temperatures  exceeding 
1200°C  (2200°F). 

In  order  to  accomplish  the  program  objective,  interactive  research  groups  were 
established  in  three  key  areas  of  (a)  Fiber  Fabrication,  (b)  Coatings  and  Infiltration,  and 
(c)  Composite  Fabrication.  The  objective  of  the  fiber  fabrication  group  was  to  develop 
new  fibers  which  have  superior  strength  and  toughness  at  high  temperatures  and  in 
oxidizing  environments.  The  research  effort  focused  on  the  development  of  two  types  of 
fibers:  (1)  glass-free  mullite-based  fibers,  and  (2)  oxygen-free  silicon  carbide  fibers.  The 
coatings  program  had  two  primary  objectives:  (1)  to  control  the  characteristics  of 
matrix/reinforcing  phase  interfaces  (e.g.,  to  control  chemical  reactions  and  bonding  at  a 
matrix/fiber  interface)  and  (2)  to  develop  coatings  that  will  improve  the  oxidation 
resistance  of  metal-matrix  and  intermetallic-matrix  composites.  Coatings  methods  utilized 
included  chemical  vapor  deposition,  sol-gel  processing,  and  solution  coating  with 
polymeric  precursors  to  ceramics. 

The  composite  fabrication  group  investigated  various  methods  to  incorporate  reinforcing 
phases  (i.e.,  fibers,  whiskers,  and  particulates)  into  ceramic-,  metal-,  and  intermetallic- 
matrices.  Processing  methods  investigated  included  colloidal  processing,  chemical  vapor 
infiltration,  reactive  hot-compaction  and  in  situ  coating,  and  microwave  sintering.  The 
objectives  were  not  only  to  utilize  innovative  processing  techniques,  but  also  to  develop 
and  improved  scientific  understanding  of  processing-microstructure  relationships  in 
composites  fabrication. 

This  annual  report  consists  of  seven  sections  compiled  in  four  books  as  described  below: 
BOOK  1 

Section  1  Processing  and  Properties  of  Silicon  Carbide  Fibers 
Principal  Investigators:  C.D.  Batich 

M.D.  Sacks 

Section  2  Processing  of  Mullite  Composite  Fibers 

Principal  Investigators:  J.H.  Simmons 

M.D.  Sacks 
A.B.  Brennan 

Section  3  Chemical  Vapor  Deposition  (CVD)  and  Chemical  Vapor 
Infiltration  (CVI) 

Principal  Investigator:  T.J.  Anderson 


BOOK  II 


Section  1  Processing  and  Properties  of  Intermetallic  Matrix  Composites 
Principal  Investigator:  R.  Abbaschian 

Section  2  Mechanical  Alloying  of  MoSi2 

Principal  Investigator:  M.J.  Kaufman 


BOOK  III 

Section  1  Processing  of  Ceramic  Matrix  Composites 

Principal  Investigator:  M.D.  Sacks 

Section  2  Processing  of  Ba0-Al203-2Si02  Fibers 

Principal  Investigator:  D.E.  Clark 

BOOK  IV 

Section  1  Processing  and  Mechanical  Property  Characterization  of  Tape 
Cast,  Multilayer,  Alumina/Nickel  Laminated  Composites 
Principal  Investigator:  J.J.  Mecholsky 


BOOK  III 


Section  1 


Processing 

of 

Ceramic  Matrix  Composites 


Principal  Investigator:  M.D.  Sacks 


Processing  of  Ceramic-Matrix  Composites 


PI:  M.D.  Sacks 


Objectives 

The  overall  objectives  of  this  program  were: 

•  To  develop  improved  processing  methods  for  enhancing  densification,  controlling 
shrinkage,  and  tailoring  microstructure  development  in  ceramic-matrix  composites. 

•  To  develop  ceramic-matrix  composites  with  properties  (mechanical,  chemical,  and 
dielectric)  suitable  for  high  temperature  structural  applications. 

These  objectives  were  pursued  through  two  general  methods:  (1 )  viscous,  transient  viscous, 
and  pressure-assisted  transient  viscous  sintering  of  ceramics  and  composites  using  submicron 
composite  particles  and  (2)  processing  of  ceramics  and  composites  by  liquid  infiltration 
processing.  Project  results  are  summarized  below. 


Background  and  Research  Approach 

Ceramic-matrix  composites  with  high  relative  density  (low  porosity)  were  fabricated  by  (i) 
sintering  of  submicron  composite  particles  and  (ii)  reactive  infiltration  of  metals.  Background 
information  on  these  approaches  is  provided  below. 

Powder  compact  densification  is  often  hindered  by  the  presence  of  "non-sinterable"  inclusions 
(e.g.,  particles,  whiskers).  In  particular,  densification  rates  are  severely  impeded  when  the 
non-sinterable  phase  forms  a  connected  network  (i.e.,  when  the  concentration  is  large  enough 
to  form  a  percolation  path).  In  conventional  powder  processing  methods,  randomly-mixed 
inclusions  can  form  connected  networks  at  relatively  low  volume  fraction  (see  Fig.  1 ,  left 
side).  However,  an  effective  method  for  avoiding  the  formation  of  percolation  network  is 
illustrated  in  the  right  side  of  Fig.  1 .  The  non-sinterable  particles  B  are  coated  with  a  layer  of 
A,  thereby  completely  isolating  them  from  each  other. 

Previous  studies  have  shown  that  non-sinterable  inclusions  have  less  effect  on  the 
densification  rate  when  the  matrix  phase  sinters  by  viscous  flow.  Thus,  an  especially 
effective  method  for  enhancing  densification  rates  is  to  utilize  composite  particles  (as  shown 
in  Fig.  1 ,  right  side)  in  which  the  outer  coating  is  an  amorphous  material.  This  approach  not 
only  allows  fabrication  of  glass/ceramic  composites  at  relatively  low  sintering  temperatures, 
but  also  offers  the  possibility  of  developing  novel  microstructures  in  which  a  high 
concentration  of  crystalline  phase  is  incorporated  into  a  glassy  matrix  as  isolated  inclusions 
(Fig.  2,  top  right).  Furthermore,  the  approach  described  above  can  also  be  applied  to  the 
fabrication  of  single-phase  crystalline  ceramics  and  crystalline  ceramic-ceramic  composites. 
This  requires  selection  of  appropriate  core  and  coating  materials  that  would  react  at  elevated 
temperatures  to  eliminate  the  amorphous  phase.  An  example  is  illustrated  in  Fig.  2  (bottom) 
in  which  the  core  is  alumina  and  the  coating  is  silica.  If  the  size  of  the  composite  particles 
is  selected  properly,  this  combination  should  viscously  sinter  at  relatively  low  temperature  to 
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form  an  alumina/siliceous  glass  composite.  At  higher  temperature,  the  core  and  coating  would 
react  to  form  mullite.  This  process  is  referred  to  as  transient  viscous  sintering  (TVS).  This 
approach  can  also  be  used  to  fabricate  other  types  of  composites  by  mixing  the  silica-coated 
alumina  particles  with  other  silica-coated  particles  (i.e.,  with  different  crystalline  core 
materials).  In  addition,  by  applying  pressure  during  sintering,  it  should  be  possible  to  viscously 
densify  fiber-reinforced  composites.  The  approach  illustrated  in  Fig.  2  depends  upon  the 
availability  of  coated  particles  in  the  appropriate  size  range  (i.e.,  colloidal  dimensions). 

A  completely  different  approach  for  producing  high  relative  density  (low  porosity)  ceramics 
and  ceramic-matrix  composites  is  to  utilize  reactive  infiltration  processing.  For  example, 
molten  metal  infiltration  processing  has  been  investigated  extensively  for  low  cost,  near-net- 
shape  manufacturing  of  SiC.  Reaction-bonded  SiC  is  typically  fabricated  by  infiltrating  molten 
silicon  into  a  compacted  body  of  SiC  and  carbon  powders.  The  molten  silicon  rises  through 
the  porous  compact  by  capillary  action  and  reacts  with  the  carbon  to  form  "new"  SiC  which 
bonds  the  original  SiC  particles  together.  The  resultant  material  is  a  two-phase  composite  of 
silicon  carbide  and  silicon.  If  no  carbon  exists  in  the  initial  porous  compact,  the  silicon 
infiltration  process  involves  only  the  filling  of  the  pore  channels.  The  resulting  material  is 
referred  to  as  siliconized  silicon  carbide.  This  material  usually  contains  much  more  silicon  as 
a  second  phase.  However,  the  processing  method  is  a  relatively  easy  and  cost  effective 
method  for  fabricating  large  complex  shapes.  The  major  problem  impeding  the  use  of 
reaction-bonded  or  siliconized  silicon  carbide  as  a  structural  material  for  high  temperature 
applications  is  the  presence  of  a  large  amount  of  free  silicon  phase  in  the  final  product.  It  is 
the  free  silicon  phase  which  degrades  the  mechanical  properties  (strength,  hardness,  creep 
resistance,  etc.). 

The  primary  objective  of  the  research  in  infiltration  processing  was  to  improve  mechanical 
properties  and  polishability  of  siliconized  silicon  carbide  materials  by  increasing  the  SiC/Si  ratio 
and  reducing  the  size  of  silicon  pockets  in  final  microstructure  (i.e.,  in  addition  to  reducing  the 
volume  fraction  of  Si).  The  approach  adopted  in  this  study  was  to  infiltrate  extra  silicon 
carbide  or  carbon  into  pore  channels  of  the  compact  (preform)  prior  to  the  siliconization 
process.  Both  bulk  and  surface  infiltration  were  investigated  in  order  to  modify  bulk  and 
surface  properties  of  siliconized  SiC  composites.  Infiltration  involved  filling  the  open  pores  of 
the  porous  SiC  preform  with  the  liquid  precursor,  solidifying  the  liquid  "in  situ"  at  a  lower 
temperature,  and  then  decomposing  it  into  SiC  or  C  at  a  higher  temperature.  In  the  case  of 
the  carbon  precursor,  carbon  formed  after  the  lower  temperature  decomposition  step  would 
subsequently  react  with  molten  silicon  to  form  extra  SiC  during  the  siliconization  process.  A 
key  issue  for  successful  application  of  the  liquid  precursor  infiltration  approach  is  to  select  a 
suitable  liquid  precursor.  The  desired  characteristics  for  an  ideal  liquid  precursor  are:  (1)  The 
liquid  precursor  should  infiltrate  rapidly  into  the  pore  js  solid  preform.  (2)  After  infiltration  has 
been  accomplished,  the  liquid  precursor  should  be  immobilized  in  the  porous  solid.  Transport 
of  the  liquid  precursor  by  capillary  action  should  be  avoided  during  subsequent  heat  treatment 
steps  (e.g.,  drying,  pyrolysis)  because  this  will  result  in  concentration  gradients  within  the 
porous  solid.  Solvents  and  liquid  precursor  decomposition  products  should  be  removed  by 
vapor  transport  mechanisms  in  order  to  produce  a  pyrolyzed  product  with  good  compositional 
uniformity.  (3)  A  high  yield  of  the  desired  solid  phase  (i.e.,  high  specific  volume)  should  be 
produced  after  the  heat  treatment  steps  for  precursor  decomposition  and  phase 
transformation.  The  number  of  infiltration  cycles  needed  for  a  given  process  can  be  reduced 
if  the  yield  per  cycle  can  be  increased.  (4)  Simple,  low  cost  processing  steps  are  desirable. 
For  example,  it  would  be  desirable  to  accomplish  infiltration  at  room  temperature  and  at  low 
pressures.  Similarly,  precursor  decomposition  and  phase  transformation  would  be  less  costly 
if  heat  treatment  temperatures  were  low.  (5)  Low  cost  infiltrant  materials  are  desirable. 


Research  Summary 


Viscous,  Transient  Viscous,  and  Pressure-Assisted  Transient  Viscous  Sintering  of  Ceramics 
and  Composites  Using  Submicron  Composites  Particles 

1 .  A  process  was  developed  for  preparation  of  submicron  composite  particles.  These  particles 
consisted  of  inner  cores  of  a  crystalline  material  (e.g.,  alumina,  silicon  nitride,  silicon  carbide, 
zirconia)  and  an  outer  coating  of  amorphous  silica.  The  volume  ratio  of  amorphous 
silica/crystalline  core  could  be  readily  varied  over  a  wide  range.  The  formation  of  dense, 
uniform  coatings  was  demonstrated  using  a  variety  of  techniques,  including  SEM,  TEM, 
microelectrophoresis.  X-ray  Photoelectron  Spectroscopy  (XPS),  etc.  These  particles  were 
used  to  form  a  variety  of  bulk  ceramics,  glass/ceramic  composites,  and  ceramic-ceramic 
composites  using  viscous  sintering,  transient  viscous  sintering  (TVS),  and  pressure-assisted 
TVS. 

2.  Glass/ceramic  composites  (alumina/silica,  silica/silicon  nitride)  were  fabricated  by  viscous 
sintering  using  silica-coated  composite  particles.  As  discussed  below  (research  summary  item 
#3),  the  silica/alumina  samples  were  transformed  into  mullite  and  mullite-based  composites. 
The  silica/silicon  nitride  composites  have  potential  for  applications  which  require  low  dielectric 
constant  and  good  high  temperature  mechanical  properties.  Enhanced  densification  was 
demonstrated  by  directly  comparing  the  sintering  behavior  for  compacts  prepared  with  the 
silica-coated  silicon  nitride  particles  vs.  a  mixture  of  silica  particles  and  silicon  nitride  particles. 
(The  green  compact  characteristics  were  similar  to  those  schematically  illustrated  in  Fig.  1 .) 
The  increased  densification  rate  for  the  samples  prepared  with  composite  particles  can  be 
attributed  to  (1)  viscous  flow  of  the  amorphous  coating  and  (2)  avoiding  the  formation  of  a 
percolation  network  of  the  "non-sinterable"  phase.  A  fully  dense  -60  vol%  silica/40  vol% 
silicon  nitride  composite  had  an  average  dielectric  constant  value  of  -  5.0  over  the  frequency 
range  103-107  Hz  and  a  loss  tangent  value  of  -3  x  10'4  at  1  MHz.  Composite  powder 
compacts  were  also  prepared  with  a  controlled  addition  of  -  10-1 2  vol%  latex  particles.  By 
appropriate  choice  of  sintering  schedule,  it  was  possible  to  produce  a  microstructure  in  which 
isolated,  closed  pores  (-2/rm  dia.)  were  dispersed  in  a  dense  silica/silicon  nitride  matrix.  A 
-  60  vol%  silica/40  vol%  silicon  nitride  sample  with  -  1 1  %  porosity  had  an  average  dielectric 
constant  value  of  -4.3  over  the  frequency  range  103-107  Hz  and  a  loss  tangent  value  of  -2 
x  1 0'4  at  1  MHz.  Results  show  that  samples  with  closed,  isolated  2//m  pores  have  essentially 
the  same  flexural  strength  as  the  samples  without  porosity.  This  indicates  that  the  strength- 
limiting  flaws  are  larger  than  2  //m. 

3.  Mullite  and  mullite-based  composites  were  fabricated  by  transient  viscous  sintering  of 
amorphous  silica-coated  alumina  particles.  Compacts  were  sintered  to  near  full  density  at 
relatively  low  temperatures  ( - 1 300°C)  and  subsequently  heat  treated  at  higher  temperatures 
(-1 500°C)  in  order  to  form  mullite.  The  samples  remained  almost  fully  dense  (i.e.,  almost 
zero  porosity)  after  mullitization.  By  using  a  "seeding"  technique  to  control  nucleation  of 
mullite,  it  was  also  possible  to  lower  the  mullitization  temperatures  (to  -  1 400°C)  and  develop 
microstructures  with  a  fine,  equiaxed  grain  structure.  The  temperature  needed  to  accomplish 
densification  and  mullitization  was  not  much  higher  than  that  used  for  samples  prepared  by 
sol-gel  techniques.  One  of  the  advantages  of  the  present  method  was  that  processing 
difficulties  normally  associated  with  "sol-gel"  routes  (i.e.,  large  weight  losses  and  shrinkages 
during  drying  and  sintering)  were  less  of  a  concern  due  to  the  use  of  (i)  considerably  larger 
particles  and  (ii)  alpha  alumina  (i.e.,  instead  of  an  alumina  precursor). 


A  variety  of  muilite-based  composites  were  prepared  using  the  TVS  technique.  For  example, 
mullite/alumina  and  mullite/siliceous  glass  composites  were  fabricated  by  simply  changing  the 
alumina/silica  ratio  of  the  composite  particles.  Samples  could  be  densified  at  -  1 300°C,  while 
mullitization  was  carried  out  at  higher  temperatures.  A  dense  composite  with  -  55  vol% 
Mullite/45  vol%  silica  had  a  dielectric  constant  value  of  ~4.9  and  a  loss  tangent  of  -  7  x  1C4 
at  1  MHz.  Mullite/SiCp  composites  were  fabricated  by  sintering  compacts  prepared  with 
mixtures  of  silica-coated  particles,  i.e.,  in  which  the  core  materials  were  alumina  and  silicon 
carbide  particles.  Densification  and  mullitization  were  accomplished  at  temperatures  in  the 
same  range  as  those  processed  without  the  second  phase.  Mullite/SiCw  composites  were 
prepared  using  silica-coated  alumina  particles  and  uncoated  SiC  whiskers.  Samples  with 
;>96%  relative  density  were  obtained  after  sintering  at  1500°C.  A  variety  of  evidence 
indicated  that  densification  of  the  composite  powders  was  largely  controlled  by  viscous  flow 
of  the  amorphous  silica  coating  of  the  particles:  (1)  Samples  with  a  wide  range  of 
alumina/silica  weight  ratios  (i.e.,  66/34  -  83/17)  showed  very  similar  densification  behavior. 
(2)  Samples  prepared  with  coated  second  phase  particles  (i.e.,  silicon  carbide)  showed 
essentially  the  same  densification  behavior  as  samples  prepared  only  with  silica-coated 
alumina  particles.  (3)  Samples  containing  —  15  vol%  SiC  whiskers  showed  relatively  limited 
inhibition  of  densification,  despite  the  fact  that  the  whiskers  were  uncoated  and  their 
concentration  exceeded  the  critical  volume  fraction  for  percolation.  These  samples  densified 
at  much  lower  temperatures  compared  to  previous  work  on  sintering  of  mullite/SiC  whisker 
compacts. 

4.  Previous  studies  have  shown  that  sialons  and  sialon-based  composites  have  low  dielectric 
constant,  good  oxidation  resistance,  and  good  high  temperature  mechanical  properties.  In  this 
study,  sialon-based  composites  were  prepared  by  using  mixtures  of  silica-coated  alumina 
particles,  silica-coated  silicon  nitride  particles,  and  uncoated  aluminum  nitride  particles. 
Samples  were  sintered  under  conditions  to  give  almost  fully  crystalline  samples  that  consisted 
primarily  of  one  of  the  various  sialon  phases  (J,  0,  or  0).  Dielectric  constants  in  the  range 
-5.7-6. 2  were  observed  for  all  samples. 

5.  Sintered  glass/ceramic  composites  prepared  from  silica-coated  particles  can  be  deformed 
viscously  at  elevated  temperatures  to  high  strains.  This  was  illustrated  by  compression 
stress-strain  studies  for  dense  composites  prepared  from  silica-coated  alumina  particles.  It 
was  possible  to  deform  samples  to  linear  strains  exceeding  80%  without  observing 
microcracking  or  cavitation.  Samples  were  subsequently  converted  to  dense,  fine-grained 
mullite  by  further  heat  treatment.  Based  on  these  results,  work  was  initiated  to  prepare  fiber- 
reinforced  composites  by  pressure-assisted  TVS.  Compression  stess-strain  behavior  was 
studied  for  a  silica-coated  alumina  powder  compact  reinforced  with  -  10  vol%  Nicalon  fibers. 
The  sample  was  densified  to  -97%  at  relatively  temperature  (1300°C)  and  pressure  (-50 
MPa). 

6.  Research  was  carried  out  to  produce  composite  particles  having  multicomponent  silicate  glass 
coatings.  The  objective  was  to  lower  the  sintering  temperature  by  lowering  the  viscosity  of 
the  silicate  glass  coating  on  the  crystalline  core  particles.  The  initial  studies  were  directed 
toward  preparation  of  silica  coatings  doped  with  boria.  Borosilicate  glass/alumina  composite 
particles  and  borosilicate  glass/silicon  nitride  particles  have  been  produced  with  -  5-23  wt% 
B203/95-77  wt%  Si02  coatings.  Compacts  prepared  with  these  particles  had  sintering 
temperatures  that  were  —  1 50-500°C  lower  than  compacts  prepared  with  100%  Si02-coated 
alumina  particles. 


Processing  of  SiC-Based  Composites  by  Infiltration  Processing 

1 .  Two  suitable  liquids  with  relatively  low  viscosity  (which  is  important  in  obtaining  reasonable 
infiltration  rates)  and  relatively  moderate  weight  loss  upon  pyrolysis  (which  is  important  in 
ultimately  obtaining  a  high  yield  of  SiC)  were  developed  for  infiltration  into  porous  SiC 
preforms.  One  was  a  ceramic  precursor,  1 ,3,5-trimethyl-1 ,3,5-trivinylcyclotrisilazane,  which 
was  polymerized  by  heat  treatment  (120-150°C)  in  the  presence  of  a  proper  initiator  and 
subsequently  pyrolyzed  at  elevated  temperature  (1000-1 650°C)  to  produce  a  silicon 
carbide/silicon  nitride  mixture.  With  proper  control  over  atmosphere  and  temperature,  the 
polymer  can  be  pyrolyzed  to  form  only  silicon  carbide.  The  other  liquid  was  a  carbon 
precursor,  an  organic  resin  solution,  which  was  heat  treated  in  the  range  of  90-1 50°C  and 
subsequently  pyrolyzed  above  650°C  to  form  glassy  carbon.  The  glassy  carbon  in  the  pores 
of  the  sintered  preform  was  reacted  with  molten  silicon  to  form  "new"  silicon  carbide  during 
the  siliconization  process. 

2.  The  effect  of  liquid  precursor  infiltration  on  relative  density  and  pore  characteristics  of  the 
preforms  was  characterized  by  the  Archimedes  displacement  method  and  mercury  porosimetry 
measurements  after  each  infiltration/polymerization/pyrolysis  cycle.  As  the  number  of  cycles 
increases  (for  both  the  ceramic  and  carbon  precursors),  the  open  porosity,  median  pore  size, 
and  apparent  density  decrease,  while  the  bulk  density  increases. 

3.  The  infiltration  parameters,  including  infiltration  time,  pyrolysis  temperature  and  number  of 
infiltrations,  were  optimized  for  the  carbon  precursor.  The  infiltration  time  depends  mainly  on 
the  sample  thickness  and  the  pore  size  distribution  of  the  preform  to  be  infiltrated.  For  the 
3  mm  thick  porous  SiC  preforms  used  in  this  study,  the  first  infiltration  was  nearly  completed 
within  a  few  minutes,  while  the  second  infiltration  could  be  accomplished  in  less  than  1  hour. 
The  optimum  pyrolysis  temperature  was  800°C.  In  order  to  achieve  dense,  bulk  composites 
with  maximum  SiC/Si  ratio,  two  infiltration/pyrolysis  cycles  were  used. 

4.  After  siliconization,  both  the  apparent  and  bulk  densities  increase  with  increasing  the  number 
of  infiltrations  due  to  the  increased  SiC/Si  ratio  in  the  composites.  Densities  of  siliconized  SiC 
composites  satisfy  the  "rule  of  mixtures"  very  well.  Therefore,  by  measuring  density  values, 
the  phase  composition  of  the  composite  could  be  calculated.  The  phase  composition  of  the 
final  siliconized  SiC  composites  can  also  be  estimated  from  the  open  porosity  of  the  SiC 
preform,  weight  gain  after  infiltration/pyrolysis  process,  and  the  additional  weight  loss  of  the 
precursor  above  the  pyrolysis  temperature  (i.e.,  the  weight  loss  during  the  siliconization 
process). 

5.  The  carbon  precursor  infiltration  was  much  more  effective  for  increasing  the  SiC/Si  ratio  than 
the  ceramic  precursor.  The  SiC  content  of  the  siliconized  composites  was  only  increased  5-1 0 
vol%  after  three  or  four  successive  infiltrations  with  the  ceramic  precursor.  In  contrast,  the 
SiC  content  was  increased  -  1 4  and  -  25  vol%  after  using  only  one  and  two  carbon  precursor 
infiltrations,  respectively.  The  highest  SiC  contents  achieved  were  in  the  range  of  -91-93 
vol%.  In  addition,  lower  pyrolysis  temperatures  (650-1 000°C)  were  used  for  the  carbon 
precursor  compared  to  the  ceramic  precursor  (1000-1 650 °C).  For  these  reasons,  the  carbon 
precursor  infiltration/pyrolysis  process  has  better  potential  for  commercial  application. 

6.  Surface  regions  of  porous  SiC  preforms  were  infiltrated  with  the  carbon  precursor  to  produce 
siliconized  composites  which  had  a  dense  surface  layer  of  high  SiC  content  ( -  95  vol%).  The 
best  results  were  obtained  using  three  or  four  infiltration/pyrolysis  cycles. 


7.  The  mechanical  properties,  including  flexural  strength.  Young's  elastic  modulus,  Vickers 
hardness  and  fracture  toughness,  were  increased  by  about  20-25%  and  35-50%  with  one  and 
two  carbon  precursor  infiltrations,  respectively.  The  average  four-point  flexural  strength, 
Vickers  hardness,  elastic  modulus,  and  fracture  toughness  for  siliconized  samples  with  two 
carbon  precursor  infiltrations  were  -280  MPa,  -25  GPa,  -384  GPa,  and  -4.0  MPa»mm, 
respectively.  Also,  the  polishability  of  siliconized  samples  with  carbon  precursor  infiltrations 
was  improved  significantly. 

8.  From  the  strength  and  fracture  toughness  data,  the  maximum  flaw  size  was  estimated  to  be 
-150  /ym  which  was  independent  of  the  number  of  carbon  precursor  infiltrations.  It  is 
believed  that  the  large  flaws  originated  from  the  bubbles  incorporated  in  the  original  SiC 
preforms  (which  were  supplied  by  an  industrial  collaborator).  Therefore,  efforts  are  currently 
being  directed  toward  improving  the  initial  forming  process  so  that  bubbles  (and  other  large 
processing  flaws)  are  eliminated. 

9.  Work  was  initiated  using  an  Si-Mo  alloy  for  reactive  infiltration  into  carbon/SiC  preforms  in 
order  to  create  MoSi2/SiC  composites.  (Molybdenum  disilicide  has  much  better  mechanical 
properties  at  high  temperatures  than  silicon.)  Investigations  were  directed  toward  determining 
the  appropriate  alloy  composition  and  heat  treatment  conditions  (temperature,  time,  and 
atmosphere)  which  would  produce  composites  with  minimal  residual  silicon. 
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ABSTRACT 

Glass/ceramic  composites  with  low  dielectric  constant  and  low  loss  tangent  were 
fabricated  using  microcomposite  particles  which  consisted  of  inner  cores  of  a 
crystalline  phase  (a-Si3N4  or  ar-AI203)  and  outer  coatings  of  a  glassy  phase  (Si02 
or  B203-Si02).  Powder  compacts  prepared  with  microcomposite  particles 
(Si02/Si3N4)  showed  enhanced  densification  compared  to  conventionally- 
processed  compacts  prepared  with  a  mixture  of  glass  and  crystalline  particles 
(Si02  +  Si3N4).  The  sintering  temperatures  required  for  densification  of 
compacts  prepared  with  microcomposite  particles  decreased  significantly  as  the 
concentration  of  B203  in  the  siliceous  coating  increased.  This  was  attributed  to 
the  decreased  viscosity  of  the  coating  as  the  B203  content  increased.  Si02/Si3N4 
composites  with  -9-10  vol%  closed,  isolated,  spheroidal  pores  (-2  fjm  dia.) 
were  prepared  by  using  a  mixture  of  microcomposite  particles  and  polystyrene 
particles.  The  incorporation  of  microporosity  resulted  in  a  lower  dielectric 
constant  (-4.4  at  1  MHz)  compared  to  a  fully  dense  sample  (-4.9  at  1  MHz) 
with  the  same  Si02/Si3N4  volume  ratio  (-60/40).  The  samples  had  the  same 
loss  tangent  (2  x-10'4)  and  average  flexural  strength  (183  MPa)  values.  SEM 
observations  of  fracture  surfaces  suggested  that  the  strength  values  for  these 
samples  could  be  increased  by  reducing  the  concentration  of  large  processing- 
related  flaws  (e.g.,  powder  agglomerates). 

INTRODUCTION 

The  ceramic  materials  used  in  microelectronics  packaging  applications  must  have 
(i)  excellent  electrical  properties  (low  dielectric  constant,  low  loss  tangent,  high 
resistivity),  (ii)  good  thermal  properties  (e.g.,  coefficient  of  thermal  expansion, 
CTE,  match  with  chip  and/or  metallizing  materials),  (iii)  resistance  to  corrosion 
(e.g.,  due  to  moisture),  and  (iv)  adequate  mechanical  properties  (strength,  fracture 
toughness)  to  withstand  stresses  imposed  during  fabrication  and  handling  of  the 
package.  In  recent  years,  many  investigations  have  been  directed  toward  the 
development  of  ceramic  materials  with  lower  dielectric  constant  (in  order  to 


increase  signal  propagation  speed!  and  co-firing  compatibility  with  lower 
resistivity  metals  such  as  copper,  silver,  etc.  (in  order  to  produce  packages  with 
higher  circuit  density).  In  particular,  glass/ceramic  compositions  have  been 
utilized  to  achieve  both  lower  dielectric  constant  and  lower  sintering 
temperatures.1'14  This  includes  (i)  "glass-ceramic"  materials  in  which  glass 
powder  compacts  are  sintered  to  high  relative  density  (low  porosity)  and  can  be 
subsequently  crystallized  to  nearly  glass-free  materials  and  (ii)  "glass  +  ceramic" 
composites  in  which  powder  compacts  prepared  with  mixtures  of  glass  and 
crystalline  ceramic  particles  are  sintered  to  high  relative  density.  The  crystalline 
components  usually  have  higher  dielectric  constant  than  the  glassy  phases,  but 
they  also  improve  mechanical  and  thermal  properties  of  the  material.  A  difficulty 
in  processing  "glass  +  ceramic"  composites  is  that  powder  compact  densification 
rates  usually  decrease  as  the  volume  fraction  of  crystalline  ceramic  particles 
increases.14,16  Composite  densification  may  be  severely  impeded  when  the 
concentration  of  "non-sinterable"  inclusions  is  sufficient  to  form  a  connected 
particulate  network  (i.e.,  percolation  path).  Thus,  it  may  be  necessary  to  (i)  limit 
the  amount  of  crystalline  phase  in  the  powder  mixture  and/or  (ii)  modify  the  glass 
composition  so  that  the  melt  viscosity  is  lower  at  the  sintering  temperature. 
These  approaches  have  been  effective  in  producing  hermetic  composites  with 
high  relative  density,  but  they  impose  compositional  constraints  which  limit  the 
range  of  physical  properties  that  can  be  achieved. 

Another  approach  for  producing  "glass  +  ceramic"  composites  is  based  on  the 
processing  of  glass/ceramic  microcomposite  particles.14,16  These  particles 
consist  of  crystalline  cores  and  outer  coatings  of  amorphous  Si02.  As 
schematically  illustrated  in  Fig.  T,  the  controlled  spatial  distribution  of  the  two 
phases  prevents  the  formation  of  a  connected  network  of  the  non-sinterable 


VISCOUS  SINTERING  OF  GLASS/CERAMIC  COMPOSITES 


FIG.  1 .  Schematic  illustration  of  viscous  sintering  of  glass  (G)/crystalline  ceramic 
(C)  composites  using  powder  compacts  prepared  with  microcomposite  particles. 
The  particles  have  an  outer  layer  of  glassy  phase  and  a  core  of  crystalline  phase. 


crystalline  particles  in  the  powder  compact.  Furthermore,  the  distribution  of  the 
amorphous  phase  facilitates  densification  via  the  viscous  flow  mechanism.  Thus, 
lower  sintering  temperatures  can  be  achieved  and  composites  with  higher  volume 
fraction  of  crystalline  phase  can  be  produced.  In  some  systems,  it  is  also  possible 
to  react  the  glass  and  ceramic  phases  (after  densification)  to  produce  a  fully 
crystalline  material.  The  latter  process  is  known  as  transient  viscous  sintering 
(TVS).18-17 

The  present  study  focuses  on  the  development  of  glass  +  ceramic  composites 
using  microcomposite  particles  which  consist  of  (i)  crystalline  Si3N4  or  Al203 
cores  and  (ii)  amorphous  Si02  or  borosilicate  coatings.  A  technique  for 
introducing  controlled  microporosity  into  the  samples  is  also  utilized  in  order  to 
produce  composites  with  lower  dielectric  constant.14 


EXPERIMENTAL 

Microcomoosite  Particles 

The  preparation  of  silica-coated  microcomposite  particles  has  been  described 
previously.17  Si02  coatings  were  deposited  on  core  particles  using  tetraethyl 
orthosilicate  (TEOS)*  as  the  starting  material.  The  core  particles  used  in  this 
study  were  or-AI203f  and  a-Si3N4.  *  The  as-received  powders  were  first 
fractionated  using  gravitational  and  centrifugal  fluid  classification  techniques18 
in  order  to  remove  hard  agglomerates.  The  fractionated  Al203  and  Si3N4  powders 
had  median  Stokes'  diameters  in  the  range  ~  0.2-0.35  fjm,  as  determined  by  a 
centrifugal  photosedimentation  technique.1  The  microcomposite  particles  were 
prepared  by  mixing  core  particle/ethanol  suspensions  with  TEOS/ethanol 
solutions.  Si02  was  precipitated  onto  the  core  particles  by  adding  ammoniated 
water  to  the  suspension.  The  final  Si02/core  particle  ratio  in  the  microcomposite 
particles  can  be  varied  by  adjusting  the  concentrations  of  the  components  in  the 
initial  coating  suspension.17  In  this  study,  the  composite  particles  were  prepared 
with  approximately  40  vol%  crystalline  phase  and  60  vol%  Si02.#  After 
precipitation,  the  suspension  of  coated  particles  was  filtered  and  the  collected 
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*  This  composition  is  approximate  because  it  is  calculated  from  the  ratio  of 
TEOS/crystalline  core  particles  used  in  the  coating  suspensions.  However,  the 
precipitation  of  Si02  onto  the  core  particles  does  not  occur  with  100%  yield,  i.e., 
some  siliceous  species  remain  in  solution.  Thus,  the  crystalline  phase  concentration 
in  the  composite  particle  may  be  slightly  higher  than  the  calculated  value. 


powder  was  washed  with  deionized  water  and  subsequently  dried.  Figures  2A 
and  2B  show  transmission  electron  micrographs  (TEM)T  for  typical  SiOj/Si^N^ 
and  Si02/Al203  composite  particles,  respectively.  It  is  evident  that  the  Si02 
coatings  are  uniformly  deposited  onto  the  core  particles.  X-ray  photoelectron 
spectroscopy5  was  used  to  confirm  that  the  external  layer  of  the  particles  was 
Si02. 1 8  X-ray  diffraction 1  and  high  resolution  transmission  electron  microscopy 
showed  that  the  Si02  coatings  were  amorphous.18 

Microcomposite  particles  with  borosilicate  coatings  were  formed  in  the  same 
manner  as  described  above  except  that  precipitation  was  carried  out  using 
mixtures  of  tributyl  borate  (TBB)  *■  and  TEOS.  The  ratio  of  B203/Si02  in  the 
coating  was  altered  by  varying  the  TBB/TEOS  ratio  in  the  starting  solution. 
Borosilicate/Si3N4  particles  with  -23  wt%  B203  in  the  silicate  phase  and 
borosilicate/AI203  particles  with  —  10  and  -  17  wt%  B203  in  the  silicate  phase 
were  prepared."  Since  the  amount  of  core  particles  was  kept  constant  during 
the  coating  experiments,  the  silicate  coating/core  particle  ratio  varied  with  the 
amount  of  B203  added.  The  volume  ratio  was  -  65/35  for  the  borosilicate/Si3N4 
particles,  while  the  ratios  were  —62/38  and  —64/36  for  the  borosilicate/A^C^ 
particles  with  -10  and  -17  wt%  B203,  respectively,  in  the  silicate  phase."* 
Figures  2C  and  2D  show  TEM  micrographs  of  borosilicate-coated  Al203  particles. 


Green  Comnact  Preparation  and  Sintering 

Si02/Si3N4  composites  were  prepared  using  both  silica-coated  microcomposite 
particles  and  a  mixture  of  Si02  and  Si3N4  particles.  In  the  latter  case,  the  Si02 
powder  was  prepared  by  solution-precipitation  using  TEOS  as  the  precursor  and 
the  Si3N4  was  the  same  fractionated  powder  used  in  preparation  of  the  silica- 
coated  microcomposite  particles.  These  powders  were  mixed  in  aqueous 
suspension  in  a  ratio  of  -  60  vol%  Si02/ -  40  vol%  Si3N4  (i.e.,  the  same  ratio  as 
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•  The  B203  concentrations  in  the  silicate  phases  were  determined  by  inductively 
coupled  plasma  (ICP)  spectroscopic  analysis  (Plasma  II  Model  5800,  Perkin  Elmer 
Corp.,  Norwalk,  CT). 

"•  The  silicate  coating/core  particle  ratios  are  approximations  calculated  from  the 
ratios  of  components  in  the  coating  solutions  and  estimated  true  densities  of  the 
borosilicate  phase. 
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FIG.  2.  TEM  micrographs  of  microcomposite  particles:  (A)  Si02/Si3N4,  (B)  Si02/ 
l203,  (C)  borosilicate  1-10  wt%  B203)/Al203,  and  (D)  borosilicate  (~  17  wt% 
203)/AI203. 


in  the  microcomposite  particles).  The  suspension  was  subjected  to  ultra- 
sonication  to  break  down  agglomerates  and  the  pH  was  adjusted  (to  —9)  to 
achieve  electrostatic  stabilization.  Suspensions  of  the  microcomposite  particles 
were  prepared  in  the  same  manner.  In  some  cases,  suspensions  were  prepared 
with  mixtures  of  the  microcomposite  particles  and  ~  2  //m  diameter,  spherical 
polystyrene  (PS)  particles  (synthesized  by  dispersion  polymerization20).  Both 
types  of  particles  dispersed  well  in  water  (at  pH  “9)  due  to  development  of 
negative  surface  charges.  Green  compacts  were  prepared  from  the  various 
suspensions  by  slip  casting  into  preforms  set  upon  plaster  blocks.  The  powder 
compacts  (disks  and  rectangular  bars)  were  oven-dried  and  pre-sintered  at 
temperatures  in  the  range  600-800°C.  Samples  prepared  with  PS  particles 
developed  -2  fjm  spheroidal  voids  after  this  treatment.  Compacts  were 
subsequently  sintered  in  nitrogen  at  temperatures  in  the  range  1 150-1300°C. 

Silica-coated  Al203  particles  were  processed  in  the  same  manner  as  the  silica- 
coated  Si3N4  particles  except  that  a  pre-sintering  step  was  not  used  and  the 
sintering  atmosphere  was  air. 

Borosilicate-coated  composite  particles  were  processed  using  ethanol  as  the  liquid 
medium  because  of  concerns  that  some  B203  might  leach  from  the  coating  if 
particles  were  suspended  in  water  for  an  extended  period  of  time.  Particles  were 
mixed  with  polymeric  dispersants  and  ultrasonicatedto  break  down  agglomerates. 
Suspensions  were  slip  cast  and  the  resulting  powder  compacts  were  oven-dried 
and  subsequently  sintered  in  air  at  temperatures  in  the  range  600-1 200°C. 

Characterization  of  Glass/Ceramic  Composites 

Density  and  open  porosity  of  sintered  compacts  were  determined  using  the 
Archimedes  immersion  method.  Microstructure  observations  were  made  on  both 
polished  and  fracture  surfaces  using  scanning  electron  microscopy  (SEM).“ 
Some  of  the  polished  samples  were  etched  with  a  dilute  ( —  0.5  -  2  wt%)  aqueous 
hydrofluoric  acid  solution.  Measurements  of  dielectric  properties  (dielectric 
constant  and  loss  tangent)  were  made  at  1  MHz  using  a  non-contacting  electrode 
method/*  Average  strength  was  determined  by  four-point  bending  tests  on  8-1 0 
samples  having  dimensions  of  —  25  mm  x  —  5  mm  x  ~  2  mm.  Vickers  hardness 
was  measured  using  a  500  g  load  and  20  s  dwell  time.  Fracture  toughness 
was  determined  by  the  indentation  method  of  Anstis  et  al.2 
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FIG.  3.  Plots  of  relative  density  vs.  sintering  time  at  1300°C  for  two  types  of 
-60  vol%  Si02/~40  vol%  Si3N4  powder  compacts.  Compacts  were  prepared 
from  (i)  a  mixture  of  Si02  particles  and  Si3N4  particles  and  (ii)  amorphous  silica- 
coated  Si3N4  particles. 


RESULTS  AND  DISCUSSION 
Silica/Silicon  Nitride  Composites 

Densification  behavior  was  directly  compared  for  powder  compacts  prepared  with 
the  silica-coated  Si3N4  composite  particles  and  the  mixture  of  Si02  particles  and 
Si3N4  particles.*  Figure  3  shows  plots  of  relative  density  vs.  sintering  time  for 
-60  vol%  Si02/~40  vol%  Si3N4  samples.  The  sample  prepared  with  the 
microcomposite  particles  reached  nearly  100%  relative  density  after  heat 
treatment  for  2  h  at  1 300°C.  In  contrast,  the  sample  prepared  with  the  powder 


*  An  effort  was  made  to  maintain  similar  particle  sizes  and  green  compact  densities 
for  the  two  types  of  samples  so  that  the  spatial  distribution  of  the  phases  (Si02  and 
Si3N4)  was  the  key  variable  influencing  densification  behavior.  The  composite 
particles  were  slightly  larger  (median  Stokes'  diameter  of  -0.3  //m  compared  to  a 
value  of  -0.25  /ym  for  the  particle  mixture),  while  the  green  compact  prepared  with 
them  had  slightly  higher  packing  density  (-61  %  vs.  -  57%). 


mixture  reached  only  -  73%  relative  density  under  the  same  sintering  conditions. 
Even  with  prolonged  sintering  times,  the  maximum  relative  density  achieved  was 
only  -90%.  This  result  suggests  that  densification  was  inhibited  due  to  the 
formation  of  a  rigid  network  of  "non-sinterable"  Si3N4  particles.  The  Si3N4 
concentration  (-40  vol%)  significantly  exceeds  the  percolation  threshold  value 
for  a  random  mixture  of  particles.22  Si3N4  particle-particle  contacts  were  evident 
in  the  polished  microstructure  of  the  sintered  (1300°C,  2  h)  powder  mixture 
sample  (Fig.  4A).  In  contrast,  the  Si3N4  particles  were  dispersed  well  in  the  Si02 
matrix  of  the  corresponding  sample  prepared  with  the  microcomposite  particles 
(Fig.  4B).  Microstructure  observations  also  showed  that  the  sample  was 
essentially  pore-free. 

Green  compacts  prepared  with  a  mixture  of  -88  vol%  silica-coated  Si3N4 
particles  and  -  12  vol%  PS  particles  were  sintered  at  1300°C  (0.4-0. 5  h).  This 
resulted  in  shrinkage  and  elimination  of  the  fine  interparticle  pores  associated  with 
the  packing  of  the  microcomposite  particles.  In  contrast,  the  larger  (-2  //m) 
spheroidal  voids  created  by  pyrolysis  of  the  PS  particles  underwent  relatively  little 
shrinkage  at  this  temperature.  However,  as  densification  of  the  Si02/Si3N4 
matrix  occurred,  the  spheroidal  voids  were  closed  off  from  the  sample  surface. 
Figure  5A  shows  a  fracture  surface  of  the  sintered  sample  which  illustrates  that 
pores  are  closed  and  mostly  isolated.  A  higher  magnification  micrograph  of  a 
polished  and  etched  surface  (Fig.  5B)  shows  that  Si02/Si3N4  matrix  is  almost  fully 
dense  and  that  the  Si3N4  particles  are  well-dispersed  in  the  siliceous  glass  phase. 

Table  I  lists  dielectric  properties  for  the  -  60  vol  %  Si02/  -  40  vol  %  Si3N4  samples 
that  were  prepared  with  the  microcomposite  particles.  A  fully  dense  sample 
(sintered  at  1300°C  for  2  h)  had  a  dielectric  constant  of  4.9  and  a  loss  tangent 
of  2  x  1CT4  (at  1  MHz).  As  expected,  the  incorporation  of  -  10%  closed  pores 
resulted  in  lower  dielectric  constant  (4.4  at  1  MHz).  The  loss  tangent  was 
unchanged  (2  x  10-4). 

Table  I  also  lists  mechanical  properties  for  the  Si02/Si3N4  composites  with  and 
without  closed  porosity.  The  fully  dense  sample  had  an  average  flexural  strength 
of  183  MPa,  average  Vickers  hardness  of  8.7  GPa,  and  average  fracture 
toughness  of  2.3  MPa«m1/2.  These  properties  are  significantly  better  than  values 
reported  for  silicate  glasses10,23,24  and  are  comparable  to  values  reported  for 
various  silicate  glass/crystalline  ceramic  composites  and  crystallized  glass- 
ceramics  (e.g.,  cordierite)  with  low  dielectric  constant.3'13  The  incorporation  of 
-9%  closed  porosity  in  the  Si02/Si3N4  composites  resulted  in  a  lower  average 
hardness  (6.5  GPa),  but  the  average  flexural  strength  remained  the  same  (183 
MPa).*  The  latter  result  indicates  that  the  closed,  spheroidal  pores  are  not  the 


*  The  fracture  toughness  could  not  be  determined  on  the  porous  sample  because  the 
cracks  generated  during  indentation  were  not  well-defined. 


FIG.  4.  SEM  micrographs  of  polished  and  etched  Si02/Si3N4  samples  (sintered 
at  1 300°C,  2h)  that  were  prepared  from  the  (A)  mixture  of  two  types  of  particles 
and  (B)  microcomposite  particles. 


FIG.  5.  SEM  micrographs  of  Si02/Si3N4  sample  (sintered  at  1300°C,  2  h) 
prepared  from  a  mixture  of  microcomposite  particles  and  PS  particles.  (A)  Lower 
magnification  micrograph  of  a  fracture  surface  shows  the  closed,  spheroidal 
pores.  (B)  Higher  magnification  micrograph  of  a  polished  and  etched  surface 
shows  the  dense  matrix  in  which  the  Si3N4  particles  are  dispersed  in  the  siliceous 
glass  phase. 


Table  I.  Properties  of  60  vol%  Silica/40  vol%  Silicon  Nitride  Samples 


Zero  Porosity 

Microporous 

Flexural  Strength  (MPa) 

183  (±33) 

183  (±43) 

Vickers  Hardness  (GPa) 

8.7  (±0.2) 

6.5  (±0.1) 

Fracture  Toughness  (MPa»m1'1) 

2.3  (±0.2) 

Dielectric  Constant  (at  1  MHz) 

4.9 

4.4 

Loss  Tangent  (at  1  MHz) 

2  x  10* 

2  x  10* 

*  The  samples  used  in  the  mechanical  and  dielectric  property  measurements  had  -9% 
and  —10%  closed  porosity,  respectively. 


FIG.  6.  SEM  micrograph  of  a  fracture  surface  of  a  Si02/Si3N4  sample  (sintered 
at  1300°C,  2  h)  showing  a  large  processing  defect  (powder  agglomerate). 


strength-limiting  flaws  in  the  Si02/Si3N4  composites.  Preliminary  observations  of 
fracture  surfaces  suggests  that  the  strength  may  be  limited  by  uncontrolled 
processing  defects,  e.g.,  powder  agglomerates  which  were  not  broken  down 
during  processing.  Figure  6  shows  an  example  of  a  sintered  powder  agglomerate 
which  apparently  initiated  fracture  in  one  of  the  pore-free  samples. 


Borosilicate/Alumina  and  Borosilicate/Silicon  Nitride  Composites 

Figure  7  A  shows  a  plot  of  open  porosity  vs.  sintering  temperature  for  compacts 
prepared  with  coated  Al203  particles  containing  0,  -10,  and  -17  wt%  B203 
additions  to  the  siliceous  phase.  The  sintering  temperatures  decreased 
dramatically  as  the  B203  content  increased.  The  sample  with  -  17  wt%  B203  in 
the-  siliceous  coating  reached  nearly  zero  open  porosity  at  only  950°C,  i.e., 
-350°C  lower  than  the  sample  with  no  B203  addition.  The  enhanced 
densification  is  attributed  to  the  much  lower  viscosity  of  the  borosilicate  glass. 
It  was  noted  in  the  experimental  section  that  the  Al203/silicate  glass  ratio  in  these 
samples  decreased  slightly  with  increasing  amount  of  B203  addition.  In 
conventional  sintering  of  glass/ceramic  particle  mixtures,  a  decrease  in  the 
crystalline  phase  content  would  be  expected  to  increase  the  densification  rate. 
In  the  present  study,  however,  the  change  in  Al203  content  should  have  minimal 
effect  on  the  densification  kinetics  because  the  process  is  dominated  by  viscous 
flow  of  the  amorphous  siliceous  coating.  This  was  confirmed  by  the  observation 
that  the  densification  behavior  for  the  sample  prepared  with  no  B203  (-59  vol% 
Si02/~  41  vol%  Al203)  was  virtually  the  same  as  obtained  in  a  previous  study17 
in  which  the  silica-coated  composite  particles  had  much  higher  Al203  contents, 
i.e.,  -52-73  vol%. 

Figure  7B~shows  a  plot  of  open  porosity  vs.  sintering  temperature  for  the 
compacts  prepared  with  the  -  60  vol  %  Si02/  -  40  vol  %  Si3N4  composite  particles 
and  -65  vol%  borosilicate/— 35  vol%  Si3N4  particles.  Due  to  the  high  B203 
content  (-23  wt%)  in  the  silicate  coating,  the  latter  sample  reaches  nearly  zero 
open  porosity  at  only  -750°C,  i.e.,  -  500°C  lower  than  the  sample  prepared  with 
no  B203.  Again,  this  is  attributed  to  the  low  viscosity  of  the  silicate  glass  phase. 
(The  difference  in  crystalline  phase  content  should  have  minimal  effect  on  the 
densification  rate  because  sintering  is  dominated  by  viscous  flow  of  the 
amorphous  phase.)  Figure  8  shows  an  SEM  micrograph  of  a  polished  and  etched 
surface  of  a  sintered  (800°C)  borosilicate/Si3N4  sample.  The  sample  shows  no 
porosity  and  the  fine  silicon  nitride  particles  are  dispersed  in  the  borosilicate  glass 
matrix.  The  dielectric  constant  and  loss  tangent  for  this  sample  were  4.4  and  1 
x  10"4,  respectively,  at  1  MHz. 


FIG.  7.  Plots  of  open  porosity  vs.  sintering  temperature  for  compacts  prepared 
with  JA)  silica-coated  Al203  particles  and  borosilicate-coated  Al203  particles  and 
(B)  silica-coated  Si3N4  particles  and  borosilicate-coated  Si3N4  particles. 


FIG.  8.  SEM  micrograph  of  a  polished  borosilicate/S^N,*  sample  (sintered  at 
800°C,  2  h). 


CONCLUSION 

A  novel  process  was  developed  in  which  bulk  glass/ceramic  composites  were 
fabricated  using  microcomposite  particles  consisting  of  inner  cores  of  a  crystalline 
phase  (Al203  or  Si3N4)  and  outer  coatings  of  a  glassy  phase  (Si02  or  B203-Si02). 
Powder  compacts  prepared  with  these  microcomposite  particles  showed 
enhanced  densification.  This  was  demonstrated  by  directly  comparing  the 
sintering  behavior  of  compacts  prepared  with  silica-coated  Si3N4  composite 
particles  vs.  a  mixture  of  Si02  +  Si3N4  particles;  a  composite  powder  compact 
with  -60  vol%  Si02/-40  vol%  Si3N4  reached  almost  full  density  within  2  hours 
at  1 300°C,  while  a  mixed  powder  compact  had  only  -  90%  relative  density  after 
48  h  at  1300°C.  The  increased  densification  rate  for  the  former  sample  was 
attributed  to  two  factors:  (i)  densification  occurred  by  viscous  flow  of  the 
amorphous  coating  of  the  microcomposite  particles  and  (ii)  the  formation  of  a 
connected  network  of  the  non-sinterable  inclusions  was  avoided  by  encapsulating 
the  crystalline  particles  with  the  siliceous  phase. 

Samples  with  ~60vol%  Si02/~40vol%  Si3N4and  -9-10  vol%  closed,  isolated, 
spheroidal  pores  (-2  pm  dia.)  were  prepared  by  using  a  mixture  of  micro¬ 
composite  particles  and  polystyrene  particles.  The  incorporation  of  microporosity 
resulted  in  a  lower  dielectric  constant  { -  4.4  at  1  MHz)  compared  to  a  fully  dense 
sample  (-4.9  at  1  MHz)  with  the  same  Si02/Si3N4  ratio.  Both  samples  had  low 


loss  tangent  values  (-2  x  1 0'4).  The  average  flexural  strengths  were  also  the 
same  (183  MPa),  but  the  porous  sample  had  lower  Vickers  hardness  (8.7  vs.  6.5 
GPa).  The  mechanical  and  dielectric  properties  for  these  composites  are  similar 
to  or  better  than  reported  values  for  many  other  glass  +  ceramic  and  glass- 
ceramic  systems  of  interest  for  microelectronics  packaging  applications.1*13  It 
may  be  possible  to  incorporate  a  larger  amount  of  closed  pores  into  the  samples 
(and  thereby  lower  the  dielectric  constant  even  further)  by  optimization  of  the 
powder  characteristics  and  processing  conditions  (e.g.,  the  size  distributions  for 
the  microcomposite  particles  and  the  PS  particles,  sintering  conditions,  etc.).  It 
may  also  be  possible  to  obtain  higher  strength  levels  in  these  samples  by  reducing 
the  concentration  of  large  processing-related  flaws  (e.g.,  powder  agglomerates). 

Glass/ceramic  composites  were  also  prepared  using  borosilicate-coated 
microcomposite  particles.  Powder  compact  sintering  temperatures  decreased 
significantly  as  the  concentration  of  B203  in  the  siliceous  coating  increased.  This 
was  attributed  to  the  decreased  viscosity  of  the  coating  as  the  B203  content 
increased.  A  sample  with  -23  wt%  B203  in  the  coating  and  an  overall 
borosilicate  glass/Si3N4  volume  ratio  of  -65/35  was  sintered  to  almost  full 
density  at  only  —  800°C.  The  sample  had  dielectric  constant  and  loss  tangent 
values  of  4.4  and  1  xIO*4,  respectively,  at  1  MHz. 

In  summary,  silica-coated  and  borosilicate-coated  microcomposite  particles  were 
used  to  fabricate  bulk  glass/ceramic  composites  with  good  dielectric  and 
mechanical  properties.  It  should  be  possible  to  produce  other  bulk  composites 
with  a  much  broader  range  of  properties  (dielectric,  mechanical,  thermal,  etc.)  by 
preparing  microcomposite  particles  with  different  chemical  compositions  of  the 
core  and  coating  phases. 
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ABSTRACT 

Microwave  processing  was  investigated  as  a  processing  alternative  to  thermal  heating 
for  fabrication  of  a  high  temperature  matrix  --  BaO*  A1203*  2Si02.  The  processing  route 
chosen  in  this  investigation  involves  the  synthesis  of  a  gel-derived  barium  aluminosilicate 
glass  followed  by  densification,  nucleation  and  crystallization  stages  in  the  presence  of  an 
alternating  electric  field.  Furthermore,  microwave  energy  was  used  to  1)  density  gel-derived 
silica  glass  for  production  of  ultra-high  optical  quality  glass,  2)  crystallize  lithium  disilicate 
glass,  and  3)  interdiffuse  potassium  for  sodium  ions  in  a  sodium  aluminosilicate  glass.  The 
crystallization  kinetics  of  the  celsian  phase  from  BaO*  A1203*  2SiOz  glass  was  examined. 
The  Celsian  phase  is  desirable  as  a  composite  matrix  material  because  of  its  potentially  high 
use  temperature  (>1500°  C)  and  its  low  coefficient  of  thermal  expansion  (2.2  x  10-6/’  C). 
The  parent  glass  (BaO*  A1203*  2Si02)  was  prepared  by  the  sol-gel  process.  A  second 
composition  of  (Sr0  ^Ba^jO*  A1203*  2Si02  also  has  been  produced  using  sol-gel  techniques 
in  order  to  evaluate  the  effect  of  strontium  on  the  formation  of  the  monoclinic  celsian 
phase.  Several  different  seed  materials  also  were  investigated  to  determine  their  potential 
for  promoting  formation  of  the  monoclinic  phase.  Stabilization  of  the  gel  was  performed 
in  a  Deltec  conventional  furnace  while  densification  and  crystallization  were  performed  in 
a  Raytheon  QMP  2101B-6  microwave  oven  operating  at  2.45  GHz  as  well  as  in  the 
conventional  furnace. 

INTRODUCTION 

There  is  increasing  evidence  of  unusual  effects  brought  about  by  microwave  energy. 
These  effects  include  enhanced  reaction  kinetics  and  enhanced  crystallization  and  diffusion 
rates.  The  overall  objective  of  this  study  was  to  investigate  microwave  processing  as  an 
alternative  method  for  fabricating  a  high-temperature  matrix  -  BaO*  A1203*  2Si02.  The 
processing  route  chosen  to  accomplish  this  goal  addresses  the  use  of  microwave  energy  to 


study  the  densification,  nucleation  and  crystallization  of  BaO*  A1203*  2Si02  glass.  The  goal 
of  the  proposed  effort  was  achieved  through  the  study  of  each  of  these  processing  steps  in 
the  presence  of  an  alternating  electric  field.  The  following  report  consists  of  four  major 
sections,  each  of  which  summarizes  the  work  that  was  performed  in  these  areas  of  interest. 
The  densification  study  (Section  I)  was  carried  out  using  gel-derived  silica.  The 
crystallization  study  in  the  presence  of  microwaves  (Section  II)  was  performed  on  a  lithium 
disilicate  glass.  The  materials  selected  for  the  microwave-driven  diffusion  study  (Section  III) 
were  a  series  of  sodium  aluminosilicate  glasses.  The  results  of  these  studies  provided  the 
rational  and  the  scientific  basis  necessary  for  accomplishing  the  overall  objective  of  the 
proposed  effort  -  to  fabricate  a  barium  aluminosilicate  high  temperature  matrix  using 
mcirowave  energy(Section  IV). 

Why  Microwave  Energy? 

Microwave  energy  is  a  unique  energy  source  and  offers  an  alternative  processing 
method  by  which  shorter  processing  times  often  are  achieved.  A  better  understanding  of 
microwave/materials  interaction  and  equipment  design  is  a  key  factor  to  scale-up  of  this 
technology  for  industrial  applications.  With  the  exception  of  food  processing  and  several 
other  applications  (eg.,  rubber  curing),  microwave  processing  of  materials  still  is  in  an  early 
stage  of  industrial  implementation.  The  proposed  effort  addresses  the  fabrication  of  a  new 
material  using  microwave  energy  and  the  fundamentals  behind  microwave/materials 
interactions. 

Why  Barium  Aluminosilicates? 

Barium  aluminosilicate  glass-ceramics  are  being  investigated  as  matrix  materials  in 
high-temperature  ceramic  composites  for  structural  applications.  There  are  several  reasons 
for  choosing  BaO*  A1203*  2SiOa  as  a  matrix  material.  The  potential  maximum  use 
temperature  in  air  is  >  1500'  C,  higher  than  the  lithium  aluminosilicates  and  the  calcium 
aluminosilicates  and  comparable  to  the  upper  use  temperature  of  mullite,  which  is  in  the 
range  of  1600'  C  as  determined  from  the  phase  diagram.  Another  appealing  characteristic 
is  its  resistance  to  thermal  shock,  due  primarily  to  its  low  coefficient  of  thermal  expansion 
(a  =  2.29  x  10"6/'  C  from  RT  to  1000'  C).  This  low  thermal  expansion  (lower  than  SiC  at 
a  =  4.3-S.6  x  10"6/'  C  from  RT  to  1000'  C  [1])  would  put  the  matrix  in  compression  during 


cool  down  and  could  increase  the  strength  of  the  composite.  Other  advantages  include  good 
resistance  to  oxidation  as  well  as  formability  (net  shaping)  prior  to  crystallization. 

Celsian,  the  monoclinic  phase,  is  stable  at  temperatures  <  1590°  C  and  is  the 
crystalline  phase  of  interest.  However,  hexacelsian,  the  high-temperature,  hexagonal  phase, 
often  is  the  primary  phase  that  nucleates  even  at  low  temperatures.  The  hexagonal  phase 
is  undesirable  because  of  its  higher  coefficient  of  thermal  expansion  (a  =  8  x  W6/"  C)  and 
because  it  transforms  at  300  0  C  to  the  orthorhombic  phase,  accompanied  by  a  3  percent 
volume  change.  Hot  pressed  composites  of  celsian  with  20  volume  percent  of  SiC  fiber 
reinforcement  produced  samples  with  >  90  percent  of  the  calculated  density  and  ultimate 
flexural  strengths  above  500  MPa[2].  No  physical  testing  results  at  high  temperatures  have 
been  reported  for  this  system.  Bahat  examined  the  heterogeneous  nucleation  of 
BaO*  A1203*  2Si02  with  several  nucleating  agents  [3].  He  reported  that  hexacelsian  still  was 
the  primary  phase  to  crystallize.  Bahat  continued  work  in  the  BaO*  A1203*  2SiOz  system 
with  a  kinetic  study  of  the  hexacelsian-celsian  phase  transformation  [4].  He  found  that  the 
complete  transformation  often  took  days.  Seeding  the  hexacelsian  with  5  percent  celsian 
reduced  the  transformation  time  to  a  few  hours. 

Glass-ceramics  are  pore-free,  fine-grained,  polycrystalline  ceramics  produced  by 
controlled  crystallization  of  glass.  The  small  crystallites  apparently  provide  a  barrier  to  the 
propagation  of  cracks  initiated  at  the  surface.  This  phenomenon  can  make  glass-ceramics 
significantly  tougher  than  the  glasses  from  which  they  were  formed.  In  general,  glass- 
ceramics  possess  low  coefficients  of  thermal  expansion,  high  elastic  moduli  and  have 
strengths  considerably  higher  than  the  parent  glasses  from  which  they  are  derived. 

Ceraming,  the  process  by  which  glasses  are  transformed  into  glass-ceramics,  can  be 
achieved  by  two  means.  The  traditional  process  consists  of  conventional  melting  of  the  raw 
materials  followed  by  rapid  cooling  to  the  glassy  state,  bypassing  the  formation  of  any 
crystalline  phases.  The  glass  then  is  subjected  to  controlled  heat-treatment  to  bring  about 
nucleation  and  crystallization  of  the  desired  phase(s).  When  a  reinforcing  phase  such  as  SiC 
is  added,  the  process  becomes  more  complicated.  Due  to  the  high  melting  temperature  of 
the  raw  materials,  the  glass  must  first  be  fritted  so  that  a  second  phase  can  be  added  before 
forming,  densifying  and  crystallizing  the  end  product. 


Many  researchers  have  used  the  traditional  method  with  hot  pressing  or  hot  isostatic 
pressing  for  nucleation,  crystallization  and  densification  in  the  production  of  celsian  [2,5], 
The  melting  of  BaO*  A1203*  2Si02  glass  requires  temperatures  in  excess  of  2100°  C.  Thus, 
sophisticated  furnaces  are  required  for  processing.  The  major  problems  associated  with  this 
technique  are  (a)  contamination  from  the  molybdenum  electrode  in  amounts  up  to  1  wt%, 
(b)  uncontrolled  heterogeneous  nucleation  influenced  by  the  impurities  and  the  walls  of  the 
container,  and  (c)  crystallization  of  the  therdynamically  unstable  hexagonal  phase. 

Other  research  groups  have  pursued  a  low-temperature  sol-gel  method  for  the 
formation  of  the  parent  glass  [6-8].  Although  the  parent  glass  is  synthesized  readily  by  the 
sol-gel  process,  only  hexacelsian  has  been  crystallized  to  date.  In  the  traditional  processing 
method,  substitution  of  strontium  for  barium  has  produced  direct  crystallization  of  the 
celsian  phase  [9]. 

Microwave  heating  is  fundamentally  different  from  conventional  processing. 
Depending  on  the  microwave  absorption  of  the  material,  heat  generation  can  be  volumetric 
and  within  the  material  rather  than  originating  from  external  heating  sources.  Consequently, 
the  thermal  profiles  generated  within  a  ceramic  article  when  subjected  to  microwaves  are 
quite  different  from  those  generated  by  infrared  heating.  Microwave  processing  makes  it 
possible  to  achieve  uniform  heating  in  both  small  and  large  shapes.  Furthermore,  the 
thermal  stresses  accompanying  the  conventional  processing  methods  appear  to  be  of  a  lesser 
magnitude  when  the  samples  are  processed  in  the  presence  of  a  microwave  electric  field. 
Although  the  fundamentals  behind  material/microwave  interactions  are  not  completely 
understood,  a  wide  range  of  ceramic  materials  have  been  processed  with  microwave  energy. 
The  potential  benefits  brought  about  by  the  use  a  microwave  electric  field  may  include 
reduction  in  manufacturing  costs  due  to  energy  savings  and  shorter  processing  times, 
improved  product  yield,  improved  or  unique  microstructures  and  synthesis  of  new  materials. 

The  power  absorbed  by  a  material  is  described  by  the  equation 

(1) 
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where 


Pabs  =  power  absorbed, 

/  =  frequency, 

e  o  =  permittivity  of  free  space, 

e "  eff  =  effective  dielectric  loss  factor, 

|  Ej  =  internal  electric  field  strength,  and 

V  =  volume  of  material. 


The  resulting  temperature  rise  brought  about  by  this  absorption  is 
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The  kinetics  of  bulk  crystallization  involve  a  combination  of  nucleation  and  growth, 
both  of  which  require  energy  to  be  added  to  the  system.  In  addition  to  thermal  energy, 
microwave  radiation  also  adds  energy  of  an  electrical  and  magnetic  nature.  Therefore, 
microwave  processing  is  a  good  candidate  for  investigating  crystallization  kinetics. 


Since  crystallization  is  a  diffusion-controlled  process,  any  enhancement  in  the 
diffusion  would  result  in  increased  crystallization  kinetics.  The  microwave  heat  treatments 
described  here  (Section  II)  have  been  shown  to  enhance  crystallization  at  lower 
temperatures  and  produce  more  uniform  microstructures.  This  observation  is  significant  in 
light  of  the  results  found  in  reference  8  where  the  author  reported  increased  porosity  in 
samples,  possibly  due  to  Ostwald  ripening  of  the  early  nucleating  ciystallites. 

It  is  difficult  to  heat  celsian  with  stand  alone  (microwave  heating  only)  due  to  its  low 
dielectric  loss.  However,  we  have  demonstrated  that  other  low  loss  materials  (such  as 
A1203)  can  be  heated  with  a  combination  of  microwaves  and  conventional  methods.  This 


combination,  referred  to  as  microwave  hybrid  heating  (MHH),  results  in  more  volumetric 
heating  of  the  material  and  translates  into  more  uniform  microstructures  throughout  the 
sample.  In  the  case  of  celsian,  we  expect  more  uniform  crystallization  with  MHH  than  with 
conventional  heating.  Further,  the  addition  of  a  strong  microwave  absorbing  reinforcement 
phase  (such  as  SiC)  may  provide  the  same  results  using  stand-alone  microwaves. 

PROJECT  GOALS 

The  goals  of  this  investigation  were  to  1)  produce  a  high-temperature  ( >  1500  °  C) 
matrix  with  a  coefficient  of  thermal  expansion  similar  to  or  lower  than  a  suitable 
reinforcement  phase  and  chemically  and  physically  compatible  with  reinforcement  preferred 
agents,  and  2)  understand  microwave/materials  interactions. 

PROJECT  OBJECTIVES  (JULY  1,  1993  -  JUNE  30,  1994) 

1.  Evaluate  BaO*  A1203*  2Si02  as  a  potential  matrix  material. 

2.  Investigate  sol-gel  as  an  alternative  processing  route  to  traditional  glass- 
ceramic  processing. 

3.  Investigate  the  use  of  microwave  energy  for  processing  glass-ceramics. 

4.  Study  the  effect  of  microwaves  on  densification. 

5.  Study  the  effect  of  microwaves  on  crystallization. 

6.  Study  the  effect  of  microwaves  on  diffusion. 

EXPERIMENTAL  AND  RESULTS 

The  experimental  section  is  subdivided  into  four  sections,  each  of  which  summarizes 
the  results  obtained  in  densification,  crystallization,  diffusion  using  microwave  energy  and 
the  fabrication  of  a  barium  aluminosilicate  high  temperature  matrix. 


Section  I.  Densification 


Dense,  foam  free,  transparent  gel-derived  silica  was  produced  using  microwave  energy 
(1600W).  A  processing  schedule  using  microwave  energy  for  14  hours  yielded  a  dense  silica 
glass  with  high  transmission  (>93%)  and  a  UV  cut-off  similar  to  that  of  fully  dense  gel- 
derived  silica  glass  processed  conventionally  under  chlorination.  The  dehydration  process 
has  not  been  completed  under  the  processing  conditions  described  in  this  study.  More  work 
is  needed  in  order  to  improve  on  the  dehydration  process  of  samples  irradiated  with 
microwave  energy. 

Since  large  quantities  of  water  (0H  +  H20)  are  bound  to  the  structure  of  porous  gel- 
derived  silica,  special  care  is  required  to  remove  the  water  (dehydration  process)  and  density 
these  materials.  The  ultimate  goal  is  to  fabricate  ultrahigh  optical  quality,  gel-derived  silica 
glass  [13,14].  Generally,  water  is  removed  through  condensation  reactions  [15].  When 
heated  to  adequate  temperatures,  water  disassociates  from  the  porous  structure  and 
evaporates  through  the  open  channels  of  the  gel.  However,  viscous  sintering  and  pore 
closure  often  commence  before  the  dehydration  process  is  completed.  This  results  in  water 
entrapment  inside  the  already  closed  pores  and  complete  water  removal  is  not  achieved. 
The  water  trapped  inside  the  gels  often  results  in  foaming  of  the  samples  in  the  final  stage 
of  sintering.  Water  removal  can  be  accelerated  by  heat  treating  the  gel  samples  in 
controlled  atmospheres.  Thus,  in  most  cases,  the  production  of  fully  dense  silica  with  low 
water  concentration  (less  than  1000  ppm)  is  achieved  by  long  heat  treatments  under 
chlorination  [16]. 

Recently,  microwave  energy  was  investigated  as  an  alternative  means  by  which  porous 
silica  gels  could  be  heated  [17,18].  This  processing  method  offers  promise  for  the 
production  of  dense  gel-derived  silica  glass.  Furthermore,  microwave  processing  has  two 
unique  features  when  compared  to  conventional  heating  (IR  heat  +  convection):  1)  internal 
and  uniform  (volumetric)  heating,  and  2)  possible  coupling  with  O-H  and  Si-OH  dipoles. 
This  characteristic  volumetric  heating  reduces  thermal  gradients  across  the  samples  and 
lessens  their  tendency  to  crack  during  processing.  Furthermore,  volumetric  heating 


promotes  fast  heating  rates  that  cannot  be  achieved  under  normal  conventional  processing 
conditions  [16]. 

Microwave  heating  is  intrinsically  different  from  conventional  heating.  The  ability  of 
electromagnetic  radiation  (in  the  MW  frequency  range)  to  polarize  molecules  and  the 
inability  of  these  dipoles  to  keep  up  with  the  rapid  reversal  of  the  electric  (polarizing)  field 
results  in  heat  generation.  There  are  no  known  publications  about  the  dielectric  behavior 
of  porous  silica  gels  in  the  microwave  frequency  range  and  over  the  temperature  range  of 
interest  in  this  study.  Upon  microwave  irradiation,  some  of  the  existing  dipoles  such  as,  -H+ 
and  -OH",  may  couple  with  the  oscillating  electric  field.  Although  this  mechanism  is 
speculative,  the  authors  feel  that  microwave  coupling  with  the  -H+  and  -OH‘  groups  may 
promote  the  condensation  reaction  responsible  for  water  removal.  The  work  presented  in 
this  section  was  designed  to  examine  the  critical  factors  of  dehydration  and  densification  of 
porous  silica  gels  in  the  presence  of  microwave  energy. 

The  samples  used  for  this  study  were  produced  at  the  University  of  Florida, 
Advanced  Materials  Research  Center  (AMRC).  The  type  VI  porous  silica  gels  were  TMOS- 
derived  with  an  average  pore  radius  of  30A.  The  preparation  and  characterization  of  the 
gel-silica  monoliths  have  been  reported  previously  by  Araujo,  LaTorre  and  Hench  et  al[19]. 

Microwave  hybrid  heating  techniques  were  used  to  produce  dense,  crack  free, 
transparent,  gel-derived  silica  glass.  These  techniques  often  are  used  to  heat  many  low- 
microwave-absorbing  ceramic  materials,  such  as  silica  or  alumina.  The  samples  were  placed 
in  a  SALI  insulating  chamber  lined  with  a  microwave  susceptor  (SiC)  which,  in  turn,  assisted 
in  heating  the  samples.  The  SALI  insulation  cavity  (Zircar  Products  Inc.)  has  a  density  of 
2.5  gm/cc  and  consists  of  80%  alumina  and  20%  silica.  Changing  the  thickness  of  the  SiC 
lining  allowed  the  samples  to  be  processed  at  similar  temperatures,  but  under  different 
incident  microwave  powers.  This  type  of  heating  is  referred  to  as  microwave  hybrid  heating 
or  dual  heating  since  heat  generation  in  the  samples  is  caused  by  microwave  energy  and 
radiant  heat  from  the  susceptor  [20,21],  The  insulating/suscepting  chamber  is  illustrated  in 
Figure  1(a).  The  processing  times  required  to  achieve  densification  were  reduced 
significantly  as  compared  to  conventional  processing  techniques.  However,  UV  transmission 


analysis  revealed  water  trapped  inside  the  optically  transparent  silica  glass.  The  dehydration 
process  was  incomplete. 

A  new  MHH  chamber  was  designed  to  improve  the  dehydration  process  of  the  gel- 
derived  silica  samples.  This  was  achieved  by  reducing  the  amount  of  SiC  lining  on  the  walls 
of  the  insulating  cavity.  By  altering  the  amount  of  susceptor  in  the  cavity,  the  samples  were 
processed  at  the  desired  temperatures  under  more  microwave  incident  power  than 
previously  reported.  Another  MHH  chamber  was  investigated  in  this  study.  This 
susceptor/thermal  insulation  arrangement  is  referred  to  as  the  "picket  fence",  Figure  1(b). 

A  micropycnometer  (Quantachrome,  Inc.)  with  nitrogen  gas  was  utilized  for  bulk 
density  measurements.  An  average  of  three  measurements  for  each  sample  was  taken  as 
the  sample's  bulk  density  and  the  standard  deviation  was  less  than  0.01. 

Ultraviolet(UV)-Visible(VIS)-Near  Infrared(NIR)  transmission  [14,19,20]  is  used 
widely  to  evaluate  the  water  content  of  glasses.  Water  in  glasses  results  in  an  absorption 
over  the  2600nm-3200nm  wavelength  range.  A  Perkin  Elmer  UV-VIS-NIR 
Spectrophotometer  with  wavelength  range  from  185.5nm  to  3200nm  was  used  to  determine 
the  water  content  of  the  microwave  processed  samples. 

Water  removal  is  accelerated  and  densification  and  sintering  are  enhanced  with 
increasing  temperatures.  The  dehydration  process  may  be  optimized  if  the  samples  were 
heated  to  temperatures  just  below  those  of  densification,  basically  heat  treating  the  samples 
prior  to  the  onset  of  sintering.  Since  the  densification  process  is  accompanied  by  shrinkage, 
evaluating  the  temperature  at  which  shrinkage  starts  could  indicate  the  temperature  range 
over  which  there  is  a  compromise  between  densification  and  water  removal. 

A  series  of  glass  samples  were  heat  treated  in  the  microwave  oven  at  various 
temperatures  (950°  01200°  C)  with  a  15  minutes  soak  time.  The  samples  were  taken  out  of 
the  oven  and  quenched  in  air.  This  was  followed  by  dimensional  measurements.  The 
results  of  the  gel's  diametral  shrinkage  following  the  various  thermal  treatments  are 
illustrated  in  Figure  2.  The  silica-gel  sintering  and/or  densification  appears  to  be 
accelerated  in  the  1100-1200°  C  temperature  range.  The  temperature  at  which  shrinkage 


starts  appears  to  be  approximately  1050°  C.  The  thermal  treatments  used  in  this  study  were 
based  on  this  information. 

Figure  3  shows  the  UV-VIS-NIR  transmission  spectra  of  typical  microwave-processed, 
gel-derived  silica  glass  samples.  The  spectra  of  some  microwave-processed  samples  are 
contrasted  with  that  of  a  fully  dense  glass  conventionally  heat  treated  using  chlorination. 
The  microwave-processed  samples  were  subjected  to  different  heating  schedules.  The 
spectra  of  a  sample  processed  according  to  the  MHH  processing  schedule  using  an  800W 
microwave  energy  source  over  7  hours  is  contrasted  with  those  of  samples  processed  with 
MHH  under  1600W  incident  power  for  3.5,  7  and  14  hours,  respectively.  The  samples 
processed  for  14  hours  under  1600W  power  exhibited  low  water  content  and  high 
transmission  (>93%);  furthermore,  their  UV  cut-off  was  similar  to  that  of  the  fully  dense 
sample  produced  conventionally.  Table  1  shows  the  processing  time,  densification 
temperatures,  and  the  density  of  typical  gel-silica-derived  glasses  subjected  to  different 
thermal  treatments.  As  illustrated  in  Table  I,  the  total  processing  time  is  much  shorter  for 
gel-silica  samples  processed  in  the  presence  of  microwave  energy.  The  densification 
temperature  of  the  gel-derived  silica  samples  processed  with  1600  W  microwave  energy  was 
lower  than  that  of  the  samples  processed  conventionally  or  with  microwave  energy  using 
800W  incident  power. 

Figure  4  shows  a  comparison  of  samples  processed  in  air  at  various  temperatures  in 
both  microwave  and  conventional  ovens.  Microwave  energy  appears  to  be  an  efficient 
method  for  producing  dense  silica  glass.  Since  gel  dehydration  was  not  completed  under  the 
processing  conditions  described  in  this  study,  more  work  is  needed  to  optimize  the 
microwave  heating  schedule  in  order  to  produce  dense  silica  glass  containing  less  than 
lOOOppm  of  water. 

Section  II.  Crystallization  of  Li20*  2Si02  Glass 

The  Li20  2SiOz  system  was  chosen  as  the  lead-in  material  for  BaO*  A1203*  2SiOz  for 
several  reasons.  The  Li20*  2Si02  is  a  simple  material  that  crystallizes  readily  and  its 
crystallization  kinetics  are  well  documented. 


Rods  of  lithium  disilicate  were  nucleated  at  450°  C  for  3  hours  in  a  conventional 
furnace.  The  bars  then  were  cut  into  discs  and  crystals  were  grown  over  a  range  of 
temperatures  using  both  microwave  and  conventional  heating.  X-ray  diffraction  analysis  was 
performed  on  the  samples  to  determine  the  crystalline  phases  present.  Peak  intensities  were 
compared  to  determine  the  relative  percent  crystallinity  due  to  differing  heat  treatments. 
The  effect  of  the  heat-treatment  parameters  using  both  microwave  and  conventional  heating 
on  the  extent  of  crystallization  were  investigated. 

Glass  samples  were  prepared  from  Ti02-free  silica  and  reagent  grade  Li2C03.  A 
batch  of  Si02  +  33.3  mol%  Li20  was  melted  at  1350°  C  for  72  hours  in  a  covered  platinum 
crucible.  The  glass  was  cast  as  rods  (75  mm  long  and  13  mm  in  diameter)  and  annealed  at 
300°  C  for  12  hours.  Nucleation  was  performed  at  450°  C  for  4  hours  on  all  of  the  rods 
simultaneously  to  ensure  consistency.  Discs  4  mm  thick  were  cut  from  the  rods  and  polished 
with  an  emery  cloth  until  optically  clear.  Samples  containing  seeds  were  discarded. 

The  growth  process  was  performed  isothermally  with  the  time  being  measured 
starting  when  the  sample  was  inserted  in  the  furnace  or  microwave  cavity.  Growth 
temperatures  ranged  from  500  to  600°  C,  inclusive.  The  samples  then  were  ground  into  a 
fine  powder  with  a  mortar  and  pestle.  Specimens  for  x-ray  diffraction  were  prepared  and 
analyzed  in  a  Phillips  ADP  3720  x-ray  diffractometer.  The  relative  fraction  of  crystallinity 
in  each  of  the  specimens  was  determined  by  comparing  the  intensities  of  all  peaks  observed 
to  the  peak  intensities  of  the  sample  heat-treated  in  the  microwave  at  600°  C  for  10  minutes. 
All  of  the  peaks  encountered  during  x-ray  diffraction  analysis  corresponded  to  the 
orthorombic  phase  of  lithium  disilicate.  The  effect  of  temperature  on  the  crystallization  of 
Li20-Si02  is  listed  in  Table  2.  There  was  considerable  difference  in  the  crystallization 
kinetics  between  the  two  processes.  Heat  treating  the  discs  for  10  minutes  using  microwave 
energy  was  sufficient  to  fully  crystallize  the  samples  at  temperature  as  low  as  580°  C.  Table 
3  shows  the  effect  of  time  and  temperature  on  the  relative  crystallinity  of  the  samples  heat- 
treated  using  microwave  energy.  It  was  determined  that  significant  crystallization  could  be 
achieved  at  temperatures  as  low  as  500°  C  using  microwave  energy.  Figure  5  indicates  the 
relative  percent  crystallinity  as  a  function  of  time  for  samples  heat-treated  in  the  microwave. 
Figure  6  shows  x-ray  diffraction  patterns  of  samples  (MHH)  heated  at  540°  C  at  different 


times.  This  demonstrates  the  development  of  the  crystalline  phase  with  time  for  a  given 
temperature. 

Section  III.  Diffusion 

A  sodium  alumino-silicate  (NAS)  Corning  glass  (code#0317)  was  chosen  for  this 
investigation.  The  glass  was  surface  modified  using  a  slurry  ion-exchange.  The 
interdiffusion  of  K+  for  Na+  was  carried  out  in  the  presence  of  a  microwave  electric  field 
at  2.45  GHz.  Similar  chemical/heat  treatments  were  carried  out  in  a  conventional  furnace 
for  the  sake  of  comparison.  Electron  microprobe  (EMP)  was  used  to  derive  the 
concentration  profile  of  potassium  after  ion-exchange.  The  diffusion  coefficients  were 
calculated  for  both  heating  methods. 

The  objectives  of  this  study  were  1)  to  evaluate  the  contribution  of  the  migration  loss 
mechanism  to  the  overall  measured  dielectric  loss,  2)  to  evaluate  the  effect  of  conduction 
losses  on  the  K+-Na+  interdiffusion  enhancements  brought  about  by  microwave  energy,  if 
any,  and  3)  to  calculate  the  diffusion  coefficient  of  K+  in  the  case  of  microwave  driven  ion- 
exchange  reactions. 

In  a  previous  study  [10,22],  microwave  energy  was  used  to  interdiffuse  K+«Na+  in  a 
series  of  NAS  glasses.  The  existence  of  an  interdiffusion  enhancement  brought  about  by 
microwave  energy  (the  so  called  "Microwave  Effect")  was  established  previously  for  the  NAS 
glass  system.  Furthermore,  the  microwave  effect  was  found  to  depend  on  glass  composition, 
and  increased  with  increasing  Al/Na  values  up  to  Al/Na=1.0.  A  correlation  between  the 
dielectric  loss  of  the  glass  matrix  and  the  microwave  interdiffusion  enhancement  was 
established. 

The  microwave  effect  was  pronounced  for  the  Al/Na=1.0  glass  composition.  This 
composition  has  the  highest  dielectric  loss,  as  measured  by  the  frequency  shift  method,  and 
the  highest  electrical  conductivity,  as  predicted  by  the  NAS  structural  glass  model.  However, 
no  correlation  was  established  between  the  dielectric  loss  and  the  electrical  conductivity  of 
the  different  glasses;  nor  was  it  established  between  the  observed  microwave  effect  and  the 
conductivity  related  losses  of  the  different  glasses.  It  was  only  natural  to  ask  whether  the 


conduction  losses  are  responsible  for  the  observed  interdiffusion  enhancements  caused  by 
microwave  energy. 

The  Corning  glass  (code#0317)  was  chosen  for  this  study  because  it  is  a  versatile 
glass  used  in  industry  [23].  Furthermore,  this  glass  composition  is  close  to  that  of  the 
AI/Na=1.0  glass  composition  studied  previously.  The  dielectric  behavior  of  the  Corning 
glass  was  evaluated  over  a  broad  range  of  temperatures  (25-1000°  C)  for  different 
frequencies  in  the  GHz  range  (0.39,  0.91,  1.42,  1.94,  2.46,  and  2.98).  The  relative  dielectric 
constant,  the  dielectric  loss  factor,  the  loss  tangent,  and  the  depth  of  penetration  versus 
temperature  are  illustrated  in  Figure  7. 

Resistivity  as  a  function  of  temperature  is  illustrated  in  Figure  8.  These 
measurements  were  obtained  from  Corning  Inc.  (Advanced  Products  Department,  Corning, 
N.Y.).  The  conduction  losses  were  calculated  at  2.45  GHz  (the  microwave  working 
frequency)  calculated  by  subtracting  the  conduction  losses  from  the  measured  losses.  As 
illustrated  in  Figure  9,  the  conduction  losses  were  negligible  below  400°  C  and  the  measured 
losses  were  independent  of  conduction  losses.  At  elevated  temperatures  (above  400°  C),  the 
conduction  losses  appeared  to  increase  rapidly. 

A  study  was  conducted  to  evaluate  the  effect  of  conduction  losses  on  the  K+-Na+ 
interdiffusion  enhancements  brought  about  by  microwave  energy,  if  any.  The  K+-Na+  ion- 
exchange  was  carried  out  by  the  slurry  method,  in  which  the  glass  was  coated  with  a  slurry 
containing  the  desired  ions  (K+  in  this  case).  The  Corning  glass  samples  were  heated  using 
the  MHH  technique  for  45  minutes.  The  heat  treatment  temperatures  were  chosen  in  light 
of  the  results  illustrated  in  Figure  9.  The  chosen  temperatures  were  400°  C,  a  temperature 
at  which  no  conduction  losses  are  exhibited,  and  450°  C,  a  temperature  at  which  the 
conduction  losses  are  pronounced.  Electron  microprobe  (EMP)  analysis  was  used  to 
determine  the  potassium  and  sodium  ion  depth  profiles  for  both  the  microwave  and 
conventionally  processed  samples.  Electron  microprobe  (EMP)  analysis  was  used 
quantitatively  to  derive  the  concentration  profile  (in  wt%)  of  both  K+  and  Na+.  This  was 
done  by  calibrating  the  EMP  counts  to  those  of  the  as  received  glass  composition  and  those 
of  selected  mineral  standards. 


Larger  K+  diffusion  depths  of  penetration  were  achieved  in  the  glass  samples  ion- 
exchanged  in  the  presence  of  a  microwave  electric  field.  Furthermore,  the  interdiffusion 
enhancements  occurred  for  both  temperatures--400  and  450°C.  Therefore,  the  conduction 
losses  may  have  contributed  to  the  microwave  effect,  but  they  were  not  solely  responsible 
for  the  observed  results. 

The  diffusion  coefficients  for  the  microwave  and  conventionally  processed  samples 
were  calculated  according  to  equation  (3): 

Dcl  =  -l/(2t)  (dx/dC)  60C1  xdC  (3) 

Where  Dcl  is  the  interdiffusion  coefficient  at  the  concentration  c1(  t  is  the  diffusion  time,  x 
is  the  depth  of  penetration  into  the  glass,  and  C  is  the  concentration  of  potassium.  This  is 
a  graphical  method  [24]  by  which  the  interdiffusion  coefficient,  in  the  case  of  a  semi  infinite 
body,  can  be  obtained.  The  K+  and  Na+  concentration  profiles  were  converted  from  weight 
percent  to  mol  percent  prior  to  calculations.  The  initial  K+  concentration  of  the  as-received 
Corning  glass  was  not  taken  into  account.  The  interdiffusion  coefficient  of  glasses  ion 
exchanged  by  microwave  heating  at  450°  C  was  found  to  be  8.12xlO'10  cmV1.  The 
interdiffusion  coefficient  of  glasses  ion  exchanged  conventionally  at  450°  C  was  found  to  be 
2.15xlO'10  cmV1.  Thus,  under  apparently  similar  processing  conditions,  the  interdiffusion 
coefficient  of  K+«  Na+  in  the  presence  of  microwave  energy  was  3.78  times  greater  than  that 
achieved  by  conventional  heating. 

Section  IV.  BaO*  AI203*  2SiOz 

Glass  Preparation 

Gels  were  prepared  by  the  sol-gel  process  with  two  compositions,  BaO*  A1203*  2Si02 
and  (Sr0 15,Ba0  85)O*  A1203*  2Si02.  The  precursor  materials  used  were  tetraethylorthosilicate 
(TEOS),  aluminum-sec-butoxide  (ASB),  barium  acetate  and  strontium  acetate. 

In  the  first  step,  a  dilute  solution  of  TEOS  in  ethanol  was  partially  hydrolyzed  by 
adding  1/4  of  the  theoretical  water  needed  for  full  hydrolysis  and  a  few  drops  of  HC1.  This 
solution  was  refluxed  at  60°  C  for  three  hours.  Step  two  was  the  slow  addition  of  a  dilute 


solution  of  ASB  in  isopropanol  to  the  cooled  TEOS/ethanol  mixture.  This  solution  was 
allowed  to  react  overnight.  Step  three  consisted  of  dissolving  barium  acetate  in  3.75  times 
the  amount  of  water  needed  to  fully  hydrolyze  the  TEOS  and  enough  acetic  acid  to  lower 
the  pH  below  4.  This  solution  was  added  slowly  to  the  TEOS/ ASB  mixture  with  sufficient 
excess  acetic  acid  to  clear  the  sol.  The  resulting  sol  was  stirred  for  20  minutes  before 
casting.  Gelation  normally  occurred  within  30  minutes  of  casting. 

The  second  composition  was  identical  to  the  first  with  the  exception  of  the  partial 
substitution  of  strontium  acetate  for  barium  acetate. 

The  gels  were  dried  to  a  powder  at  several  temperatures  (50,  200  and  800°  C).  The 
dried  gels  were  characterized  using  differential  thermal  analysis  (DTA)  to  obtain 
information  such  as  organic  burnout  and  the  glass  transition  temperature  (Tg)  needed  for 
vitrification  of  the  gels.  X-ray  diffraction  analysis  also  was  performed  on  the  DTA  samples 
to  determine  the  crystalline  phases  present,  if  any.  X-ray  diffraction  indicated  that  the  gels 
were  amorphous  up  to  at  least  900°  C. 

Seeding 

Several  seed  materials  with  the  potential  to  promote  forming  the  monoclinic  phase 
also  were  investigated.  Monoclinic  zirconia,  copper  oxide  and  strontium  aluminosilicate 
(produced  by  the  sol-gel  process  and  crystallized  at  1300°  C  for  four  hours)  were  used  in 
amounts  ranging  from  0.1wt%  to  10wt%.  The  temperatures  investigated  (1050  to  1300°  C) 
included  those  below  and  above  the  zirconia  monoclinic  -*  tetragonal  phase  transformation. 
The  gel  powders  were  cold  pressed  into  discs  at  4000  psi  for  the  vitrification  study. 

Vitrification 

Vitrification  was  carried  out  in  a  conventional  furnace  at  temperatures  extracted  from 
the  processing  "window"  provided  by  the  DTA  results  in  Figure  4.  The  temperatures  used 
for  vitrification  were  800,  900,  950,  1020  and  1050°  C.  The  glasses  were  screened  using 
XRD  to  evaluate  the  extent  of  crystallization,  if  any,  that  occurred  during  heat  treatments. 

Archimedes  density  measurements  were  performed  on  the  vitrified  samples  to 


determine  the  bulk  density  of  the  glass  before  crystallization.  This  was  done  on  samples  of 
approximately  three  grams  with  water  as  the  liquid  medium. 

Crystallization 

In  the  next  phase  of  the  study,  the  glass  samples  were  heat  treated  using  conventional 
and  MHH.  Temperatures  investigated  ranged  from  1050  to  1300°  C.  The  time  allowed  for 
crystallization  was  3  hours  in  the  conventional  furnace  and  ninety  minutes  at  1100°  C  in  the 
microwave  furnace. 

Crystallized  samples  were  analyzed  using  x-ray  diffraction  analysis  and  the  bulk 
densities  were  determined  by  the  Archimedes  method. 

RESULTS  &  DISCUSSION 

BaO*  A1203*  2SiOz 

The  DTA  for  a  gel  dried  at  50°  C  is  shown  in  Figure  10.  The  two  peaks  below 
200°  C  were  attributed  to  elimination  of  the  alcohols  and  pore  water  of  the  gel.  The 
exotherm  at  400°  C  was  attributed  to  burning  out  the  remaining  organic  materials.  The 
small  endotherm  slightly  below  1200°  C  was  confirmed  by  x-ray  diffraction  to  be  due  to  the 
crystallization  of  the  hexagonal  phase.  Table  4  provides  the  x-ray  diffraction  results  of  the 
unseeded  glasses  after  crystallization  in  both  the  conventional  and  microwave  furnaces. 

Differential  thermal  analysis  also  was  performed  on  seeded  samples.  The  substitution 
of  strontium  for  barium  in  the  gel  crystallized  only  the  hexagonal  phase.  Zirconia,  when 
added  as  a  seed  in  amounts  of  one  and  ten  weight  percent,  crystallized  as  the  hexagonal 
phase  at  both  1050°  C  and  1250°  C.  Monoclinic  strontium  aluminosilicate 
(SrO*  A1203*  2Si02)  was  used  as  a  seed  in  two,  five  and  ten  weight  percents  additions.  This 
resulted  in  the  formation  of  the  hexagonal  phase.  Results  for  the  samples  seeded  with  CuO 
were  more  promising.  At  1050°  C,  a  10  wt%  addition  of  CuO  exhibited  a  small  amount  of 
monoclinic  phase  among  the  hexagonal  phase.  At  1300°  C,  a  one  percent  addition  of  CuO 
also  showed  signs  of  the  monoclinic  phase.  Figure  10(c)  is  the  DTA  for  the  sample  with  10 
wt%  CuO  added.  The  range  from  900  to  1250°  C  is  expanded  in  Figure  10  to  elucidate  the 


crystalline  peaks.  X-ray  diffraction  performed  on  samples  heated  below  1100°  C,  between 
1100  °  C  and  1200  °  C,  and  above  1200  *  C  provided  confirmation  of  the  phases  described 
in  the  DTA  plot.  The  sample  exhibited  peaks  corresponding  primarily  to  the  monoclinic 
celsian  phase  with  a  small  number  of  low  intensity  peaks  corresponding  to  the  hexagonal 
phase.  Seeding  with  the  crystalline  phase  formed  upon  heating  at  1300°  C  with  a  one 
percent  CuO  addition  did  not  enhance  monoclinic  crystallization  in  any  sample. 

Samples  seeded  with  1,  5  and  10  wt%  SrO*  A1203*  2Si02  and  CuO  also  were  heat- 
treated  using  microwave  energy.  All  of  the  samples  seeded  with  SrO*  A1203*  2SiOz 
crystallized  as  the  hexagonal  phase.  A  one  percent  CuO  addition  also  crystallized  as  the 
hexagonal  phase.  The  x-ray  diffraction  pattern  of  the  sample  containing  5  wt%  CuO 
exhibited  peaks  corresponding  to  both  the  monoclinic  and  hexagonal  phases.  Semi- 
quantitative  analysis  indicated  and  equal  amount  of  both  phases.  Under  the  same 
conditions,  a  10  wt%  addition  of  CuO  contained  a  70/30  mix  of  the  monoclinic  and 
hexagonal  phases.  Table  5  shows  the  results  of  the  effects  of  seeding  on  the  phases 
crystallized. 

The  bulk  density  was  measured  for  samples  with  various  amounts  of  seed  material 
heat-treated  at  950°  C  for  20  hours  and  then  at  1300°  C  for  4  hours. 

CONCLUSIONS 

The  experimental  evidence  of  the  existence  of  the  so  called  “microwave  effect"  was 
established  in  several  systems.  Dense,  foam-free,  optically  transparent  gel-derived  silica 
monoliths  were  produced  using  microwave  energy  (1600W).  A  processing  schedule  using 
microwave  energy  for  14  hours  yielded  a  dense  silica  glass  with  high  transmission  (>93%) 
and  an  UV  cut-off  similar  to  that  of  fully  dense  gel-derived  silica  glass  processed 
conventionally  under  chlorination.  The  volumetric  heating  produced  by  microwave  energy 
allowed  high  heating  rates,  fast  dehydration  and  rapid  densification.  The  dehydration 
process  has  not  been  completed  under  the  processing  conditions  described  in  this  study. 
More  work  is  needed  in  order  to  improve  on  the  dehydration  process  of  samples  irradiated 
with  microwave  energy. 


Glass  discs  of  lithium  disilicate  glass  were  nucleated  in  a  conventional  furnace  and 
the  growth  stages  were  performed  using  both  conventional  heating  and  microwave  energy. 
The  growth  stage  of  the  heat  treatment  executed  in  the  microwave  produced  samples  that 
appeared  uniform  in  color.  X-ray  diffraction  analysis  confirmed  that  the  volume  fraction 
of  the  crystal  phase  may  be  controlled  by  varying  the  processing  parameters.  It  was  also 
determined  that  significant  crystallization  can  be  achieved  at  temperatures  as  low  as  500°C 
using  microwave  energy. 

Dielectric  measurements  over  a  range  of  temperatures  and  frequencies  were 
performed  on  an  NAS  glass  series.  The  frequencies  selected  for  this  study  were  400MHz, 
912MHz,  1429MHz,  1948MHz,  2.45GHz  and  2.98GHz.  The  dielectric  measurements  were 
performed  from  room  temperature  up  to  1000°  C.  The  dielectric  loss  factor  (e ")  of  the 
Corning  glass  increased  with  increasing  temperatures  and/or  decreasing  frequencies.  The 
tan  6  behavior  as  a  function  of  temperature  and  frequency  was  similar  to  that  of  e". 
Electron  microprobe  was  used  to  derive  the  concentration  profiles  of  sodium  and  potassium 
after  ion  exchange  in  both  a  microwave  and  conventional  ovens.  Interdiffusion  reactions 
carried  out  using  the  slurry  technique  (potassium  for  sodium)  performed  in  the  microwave 
oven  at  400°  C  and/or  450°  C  for  45  minutes  resulted  in  deeper  potassium  concentration 
profiles  as  compared  to  those  performed  in  a  conventional  oven.  The  increase  in  potassium 
depth  of  penetration  was  attributed  to  an  increase  in  diffusion  brought  about  by  the 
microwave  electric  field.  The  conduction  independent  losses  were  calculated  at  2.45  GHz 
over  a  wide  temperature  range  (25°  C-500°  C).  The  conduction  losses  may  have  contributed 
to  the  observed  enhancements  in  the  interdiffusion  K+«Na+  brought  about  by  microwave 
energy,  but  were  not  solely  responsible  for  them.  The  microwave  interdiffusion  coefficients 
as  calculated  by  a  graphical  method  were  about  four  times  greater  than  the  conventional 
interdiffusion  coefficient. 

Powders  of  the  composition  BaO*  A1203*  2SiOz  were  produced  using  the  sol-gel 
process.  Low  temperature  heat-treatments  of  the  pressed  powders  did  not  increase  the  bulk 
density  of  the  samples.  During  crystallization,  only  the  sample  with  10  wt%  CuO  added  and 
heated  in  the  microwave  for  15  minutes  exhibited  noticeable  densification.  Crystallization 
of  the  monoclinic  celsian  phase  was  achieved  with  the  addition  of  CuO  as  a  seed  material. 


A  5  wt%  addition  of  CuO  produced  a  significant  amount  of  the  monoclinic  phase.  A 
completely  monoclinic  material  was  achieved  with  a  10  wt%  addition  of  CuO.  Relying  on 
the  limited  results  obtained,  it  appeared  that  the  use  of  microwave  energy  for  the 
crystallization  process  did  not  decrease  either  the  temperature  or  the  amount  of  seed 
material  needed  to  produce  the  monoclinic  phase  when  compared  to  the  samples  heat- 
treated  in  conventional  furnace.  Only  in  the  case  of  the  ten  weight  percent  CuO  addition 
sample  heated  to  1050°  C  using  microwaves  was  the  formation  of  the  thermodynamically 
stable  monoclinic  phase  at  lower  temperatures  using  microwave  energy  consistent  with  the 
results  obtained  for  the  lithium  disilicate  glasses. 

FUTURE  WORK 

•  Evaluate  the  dielectric  properties  of  the  gel-derived  barium  aluminosilicate 
glass  over  a  range  of  temperatures  and  frequencies. 

•  Modify  the  chemistry  in  order  to  change  the  gel  formation  process  to  produce 
a  gel  that  can  be  densified  without  external  pressure  during  forming. 

•  Continue  investigation  of  time,  temperature  and  seeding  on  the  crystallization 
of  the  celsian  phase. 

•  Use  a  variable  frequency  microwave  source  to  study  the  enhancement  of 
crystallization  as  a  function  of  microwave  energy  input  and  frequency  (this  can 
be  performed  using  a  variable  frequency  microwave  furnace-VFMF) 

•  Prepare  samples  for  high  temperature  mechanical  testing. 

•  Determine  the  effect  of  CuO  and  other  materials  additions  on  the  high 
temperature  behavior  of  the  matrix. 

•  Proceed  with  the  addition  of  SiC  as  a  second  phase  and  perform  a 
compatibility  study. 

The  present  work  was  presented  at  the  American  Ceramic  Society  Meeting  and 
Exposition,  Cincinnati,  OH  and  at  the  17th  Annual  Conference  on  Composites  and  Advanced 


Ceramics,  Cocoa  beach,  FI.  The  basic  science  developed  in  this  work  has  led  to  new 
initiatives  in  microwave  processing. 


With  support  of  this  project,  Zak  Fathi  has  graduated  with  a  doctoral  degree  in 
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has  left  the  DARPA  project  to  accept  a  graduate  fellowship  from  the  High  Temperatures 
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Table  1.  Processing  Characteristics  of  Gel-Silica  Glass 


Samples 

Conventiona 

1  Fully 
dense 

Microwave 

Processing 

1600  W 
Input 

800W  Input 

Processing  Times 

>3  Days 

14  Hrs 

7  Hrs 

7  Hrs 

Sintering  Temperature 
(°  Q 

1150-1200 

1100 

1100 

1200 

Density  (g/cc) 

2.220 

2.204 

2.200 

2.13 

50%UV  Cut- 
Off(Wavelength  nm) 

<185 

<185 

~  185 

210 

Table  2.  Effect 

of  Temperature  on 

the  Relative  Crystallization  of  Li20-2Si02 

Heating 

Temperature 

Time 

Percent 

method 

CO 

(minutes) 

crystallinity 

microwave 

600 

10 

100 

conventional 

600 

10 

6 

microwave 

580 

10 

100 

conventional 

580 

10 

0 

microwave 

560 

10 

56 

conventional 

560 

10 

0 

microwave 

540 

10 

19 

conventional 

540 

10 

0 

Table  3.  Effect  of  Time  and  Temperature  on  the  Relative  Crystallinity  of  Samples 
Heat-treated  Using  Microwave  Energy. 


Heating 

method 

Temperature 

(•C) 

microwave 

540 

microwave 

540 

microwave 

540 

microwave 

540 

microwave 

540 

microwave 

540 

Time 

Percent 

(minutes) 

crystallinity 

5 

2 

10 

19 

30 

41 

5 

0 

20 

25 

50 

51 

Table  4.  X-ray  Diffraction  Results  of  Unseeded  BaO*  A1203*  2SiOz  After  Crystallization 
Using  Conventional  and  Microwave  Energy. 


Material 

Temp 

First 

Time 

Second 

Temp 

Time 

Phases 

Detected 

Conventional 

800°  C 

20  hrs 

none 

none 

BaO*  A1203*  2Si02 

BaO*  A1203*  2Si02 

800°  C 

20  hrs 

1300  °  C 

4  hrs 

hexagonal 

BaO*  A1203*  2Si02 

900°  C 

20  hrs 

none 

none 

BaO*  A1203*  2Si02 

900°  C 

20  hrs 

1300  °  C 

4  hrs 

hexagonal 

BaO*  A1203*  2Si02 

1050°  C 

20  hrs 

none 

hexagonal 

BaO*  A1203*  2Si02 

1050°  C 

20  hrs 

none 

hexagonal 

BaO*  A1203*  2Si02 

1300°  C 

4  hrs 

none 

hexagonal 

BaO*  A1203*  2Si02 

1300°  C 

72  hrs 

none 

hexagonal 

BaO*  A1203*  2Si02 

1500°  C 

4  hrs 

none 

hexagonal 

Microwave 

BaO*  A1203*  2Si02 

900°  C 

3  hrs 

none 

none 

BaO*  A1203*  2SiOz 

1100°  C 

1.5  hrs 

none 

hexagonal 

Table  5.  X-ray  Diffraction  Results  of  Seeding  of  BaO*  A1203*  2Si02  Glass  Crystallized 
Using  Conventional  and  Microwave  Energy. 


Seed  Material 

Heat  Treatment 

Phases  Detected 

wt%  unless  noted 

Temp 

Time 

Conventional 

(1)  5  mol%  Sr-  Ba 

1050°  C 

20  hrs 

hexagonal 

(2)  5  mol%  Sr-  Ba 

1250°  C 

20  hrs 

hexagonal 

(3)  15  mol%  Sr-  Ba 

1050°  C 

20  hrs 

hexagonal 

(4)  15  mol%  Sr-  Ba 

1250°  C 

20  hrs 

hexagonal 

(5)  1%  Zr02 

1050° C 

20  hrs 

hexagonal 

(6)  1%  Zr02 

1250°  C 

20  hrs 

hexagonal 

(7)  10%  Zr02 

1050°  C 

20  hrs 

hexagonal 

(8)  10%  Zr02 

1250°  C 

20  hrs 

hexagonal 

(9)  1%  CuO 

1050°  C 

20  hrs 

hexagonal 

(10)  1%  CuO 

1250° C 

20  hrs 

hex,  mono 

(11)  10%  CuO 

1050°  C 

20  hrs 

hex,  mono 

(12)  10%  CuO 

1250°  C 

20  hrs 

mono,  tr.  hex 

(13)  0.1%  CuO 

1300°  C 

4  hrs 

hexagonal 

(14)  0.1%  CuO  +  0.5%  (10) 

1300°  C 

4  hrs 

hexagonal 

(15)  0.1%  CuO  +  1%  (10) 

1300°  C 

4  hrs 

hexagonal 

(16)  0.1%  CuO  +  5%  (10) 

1300°  C 

4  hrs 

hexagonal 

(17)  0.5%  CuO 

1300°  C 

4  hrs 

hexagonal 

(18)  0.5%  CuO  +  0.5%  (10) 

1300°  C 

4  hrs 

hexagonal 

(19)  0.5%  CuO  +  1%  (10) 

1300°  C 

4  hrs 

hexagonal 

(20)  0.5%  CuO  +  5%  (10) 

1300°  C 

4  hrs 

hexagonal 

(21)  1%  CuO 

1300°  C 

4  hrs 

mono,  hex 

(22)  1%  CuO  +  0.5%  (10) 

1300°  C 

4  hrs 

mono,  hex 

(23)  1%  CuO  +  1%  (10) 

1300°  C 

4  hrs 

mono,  hex 

(24)  1%  CuO  +  5%  (10) 

1300°  C 

4  hrs 

mono,  hex 

Table  5  continued. 


Seed  Material 

Heat  Treatment 

Phases  Detected 

Temp 

Time 

Microwave 

1%  CuO 

1100°  C 

1.5  hrs 

hexagonal 

5%  CuO 

1100° C 

1.5  hrs 

50  hex/50  mono 

10%  CuO 

1100°  C 

1.5  hrs 

30  hex/  70  mono 

1%  SrO-  A1203-  2Si02 

1100°  C 

1.5  hrs 

hexagonal 

5%  SrO-  A1203-  2Si02 

1100°  C 

1.5  hrs 

hexagonal 

10%  SrO-  A1203-  2Si02 

1100“ C 

1.5  hrs 

hexagonal 

Transmission  (%) 


Figure  2.  Diametral  shrinkage  following  the  various  thermal  treatments. 


*  From  conventional  processing  under  chlorination,  GelTech,  Inc.,  Alachua,  FL  32615 
*•  Using  "picket  fence"  susceptor  illustrated  in  Figure  l.b. 
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Figure  3.  UV-VIS-NIR  transmission  spectra  of  typical  microwave-processed,  gel-derived 
silica  glass  samples 
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Figure  4.  Comparison  of  samples  processed  in  air  at  various  temperatures  in  both 
microwave  and  conventional  ovens. 


Figure  5.  Relative  percent  crystallinity  vs.  time  for  Li20-2Si02  heated  using  microwave 
energy. 


Figure  6.  X-ray  diffraction  patterns  for  s 
microwaves. 


=3 

n 


heat  treated  at  450°  C  using 
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Figure  7  (a) .  The  relative  dielectric  constant,  k' ,  of  the  Corning  glass  as  a 
function  of  temperature  for  different  frequencies. 


Figure  7.  The  dielectric  behavior  of  the  Corning  glass  as  a  function  of  temperature  for 
different  frequencies:  a)  the  relative  dielectric  constant  vs.  temperature,  b)  the  dielectric 
loss  factor  vs.  temperature,  (c)  the  loss  tangent  vs.  temperature,  and  (d)  the  microwave 
penetration  depth  vs.  temperature. 
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Figure  7(c)  .The  loss  tangent,  tan<S,  of  the  Corning  glass  as  a  function 
of  temperature  for  different  frequencies.  Calculated  from  tan<S  = 
k"/k'. 
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Figure  7(d).  The  penetration  depth,  Dp,  of  the  Corning  glass  as  a 
function  of  temperature  for  different  frequencies. 
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Figure  8.  The  Corning  glass  resistivity  as  a  function  of  temperature. 


LOSS  TANGENT 


Figure  9.  The  measured  losses,  the  calculated  conduction  losses,  and  the  conduction 
independent  losses  as  a  function  of  temperature  at  2.45  GHz. 
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Figure  10.  (a)  DTA  plot  of  the  unseeded  and  seeded  Ba0-Al203-2Si02  glass-ceramics; 
(b)  DTA  plot  of  Ba0-Al203-2Si02  gel  derived  at  50'  C;  and,  (c)  DTA  plot  of 
Ba0-Al203-2Si02  with  10  wt%  CuO  added. 
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ABSTRACT 

Microwave  energy  for  processing  materials  is  emerging  as  a  vital  manufacturing  technology 
for  the  nineties  and  beyond.  Research  to  date  has  shown  significant  advantages  in  several 
areas,  including  drying  and  sintering,  joining,  surface  modification  and  waste  remediation. 
Increased  processing  rates,  improved  physical  and  mechanical  properties  and,  in  some  cases, 
reduced  hazardous  emissions  have  sparked  the  interest  of  many  manufacturers  in  the  ability 
to  integrate  microwave  processing  techniques  into  existing  and  future  manufacturing 
operations.  This  presentation  will  provide  an  overview  of  the  microwave  processing  research 
and  development  work  in  progress  at  the  University  of  Florida. 


INTRODUCTION 

The  use  of  microwave  energy  for  materials  processing,  particularly  at  high 
temperatures,  is  considered  by  many  to  be  an  emerging  technology.  The  advantages 
provided  through  the  use  of  microwave  energy  has  led  researchers  to  evaluate  its  potential 
for  both  traditional  and  high-tech  product  production.  Some  of  these  advantages  include 
rapid  processing1,2,  ability  to  achieve  equal  or  superior  properties  while  still  shortening  the 
processing  run3,4,5,  achievement  of  materials  and/or  properties  difficult  to  achieve  using 
conventional  techniques6,7,  preferential  heating  of  specific  product  components8  and,  in 
some  cases,  the  ability  to  lower  processing  costs  through  reduction  of  throughput  time  as 
well  as  lower  energy  consumption  costs9,10,11. 

At  the  University  of  Florida  (UF),  both  graduate  and  undergraduate  research  projects 
have  focussed  on  efficient  and  unique  use  of  microwave  energy  for  materials  processing  as 
well  as  on  developing  microwave  technologies  for  industrial  applications.  Some  of  the  more 
recent  work  performed  in  the  Microwave  Processing  Research  Facility  at  UF  will  be 
highlighted.  For  a  more  detailed  discussion  of  each  of  these  research  areas,  specific 
references  to  further  reading  are  provided. 

MICROWAVE  ISSUES  ADDRESSED 

As  research  has  progressed  over  the  past  ten  years,  many  questions  regarding  the 
potential  use  of  microwave  energy  for  materials  processing  have  arisen.  At  UF,  researchers 
have  teamed  up  with  other  groups  in  order  to  address  issues,  including  (1)  the  existence  of 
a  microwave  effect ;  (2)  the  ability  to  control  the  distribution  of  heat  within  the  microwave 
cavity  during  processing;  and  (3)  the  application  of  microwave  energy  to  selected  processes 
operations  to  increase  their  efficiency,  and  enhance  properties  of  the  resultant  products. 

Results  of  studies  on  diffusion  via  ion  exchange,  sol-gel  processing  and  waste 
remediation  will  be  highlighted.  Other  focus  areas  include  joining  and  repair  processes, 
design  of  microwave  susceptor  materials  and  cavities  and  combustion  synthesis.  Much  of 


the  UF  research  has  been  presented  at  previous  symposia  sponsored  by  the  Materials 
Research  Society,  the  National  Institute  of  Ceramic  Engineers  (through  the  American 
Ceramic  Society)  and  the  International  Microwave  Power  Institute,  and  references  to  the 
early  work  are  included  in  this  paper. 

HIGHLIGHTS  OF  RECENT  RESEARCH 

Is  there  a  microwave  effect? 

There  are  several  thermal  phenomena  that  are  observed  when  materials  are 
processed  in  a  microwave  field.  These  include:  selective  heating,  volumetric  heating  and 
rapid  heating.  These  phenomena  can  be  understood  in  terms  of  the  microwave  energy 
absorption  and  conversion  to  heat  within  the  material.  Additionally,  a  non-thermal  effect 
has  been  reported  by  several  investigators.  These  thermal  and  non-thermal  phenomena  are 
collectively  referred  to  as  the  microwave  effect ,  since  they  are  not  observed  during 
conventional  processing. 

Although  there  is  much  evidence  to  indicate  that  some  type  of  non-thermal  effect  is 
created  in  the  microwave  field,  no  quantitative  data  has  surfaced  to  prove  conclusively  that 
a  novel  mechanism(s)  for  microwave  materials  processing  exists.  Studies  to  evaluate  the 
potential  for  using  microwave  energy  for  traditional  and  novel  processing  of  a  variety  of 
materials  have  suggested  the  existence  of  a  microwave  effect  leading  to  enhanced  reaction 
rates,  enhanced  diffusion  and  improved  properties.  The  team  has  worked  with  Atomic 
Energy  of  Canada  (AECL)  to  correlate  dielectric  properties  with  heating  trends  and 
materials  properties  observed  in  processing  experiments.  In  one  study  to  correlate  phase 
changes  and  dielectric  properties  in  joint  interlayer  materials,  the  loss  tangent  (tan<5 )  for 
various  interlayer  compositions  was  related  to  differential  scanning  calorimetry  (DSC) 
measurements.  As  shown  in  Figure  1,  at  temperatures  where  phase  changes  occurred  in  the 
various  materials,  an  associated  change  in  tan<S  was  observed.  As  shown  in  the  dielectric 
data,  the  composition  containing  50  mol%  NiO  in  an  A1203  matrix  exhibited  a  large  increase 
in  tan<S  at  high  temperatures.  Since  this  material  is  an  excellent  absorber  of  microwaves  at 
high  temperatures,  it  is  being  used  as  an  interlayer  material  for  the  joining  study  in  progress. 

In  studies  to  evaluate  microwave  energy  for  the  fabrication  of  ultra-high  optical 
quality  silica  glass,  densification  of  silica  gel  was  performed  at  different  temperatures  and 
times.  In  conventional  processing  of  silica  gels,  long  times  in  a  chlorine  atmosphere  are 
required  to  complete  dehydration  and  achieve  full  densification12.  After  chlorination,  a 
residual  amount  of  chlorine  remains  in  the  gel-derived  glass  as  structural  impurities  which 
can  alter  the  refractive  index  and  change  the  optical  characteristics  of  the  resultant  glass. 
Because  of  its  coupling  to  OH  groups  and  Si-O-Si  bridges,  microwave  energy  offers  the 
potential  for  efficient  dehydration  and  densification  without  the  necessity  of  a  controlled 
atmosphere. 

A  series  of  samples  were  microwave  heat-treated  over  a  range  of  temperatures  and 
times.  As  shown  in  Table  l13,  conventional  processing  times  for  fully  densified  gel-derived 
silica  glasses  typically  require  at  least  3  days14,13.  The  microwave-processed  samples 
prepared  during  this  study  took  hours  <  14  hours.  And,  as  indicated  by  UV-VIS-NIR 
transmissibn  spectra  (Figure  2)12,  the  microwave-processed  gel  glasses  heat  treated  in  air 
approached  the  residual  water  content  of  the  fully  dense  glasses  produced  under  a  chlorine 
atmosphere.  Thus  it  may  be  possible  to  eventually  produce  fully  dense  gel  glasses  with 
microwave  energy  without  depending  on  pressure  control  of  the  atmosphere. 


a) 


Figure  1.  Correlations  between  phase  changes  and  dielectric  properties  of  potential 
joint  interlayer  materials,  a)  DSC  of  alumina  gels  with  various  additives;  b) 
loss  tangent  as  a  function  of  temperature. 


Table  1.  Processing  and  Characteristics  of  Gel-Derived  Silica  Glasses. 
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Figure  2.  UV-VIS-NIR  transmission  spectra  for  microwave  processed  sol-gel-derived 
silica  glass  samples  as  compared  to  fully  dense  silica  glass. 
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Figure  3.  Dielectric  properties  and  interdiffusion  plots  for  varying  Al/Na  ratio  glasses 
used  for  the  ion  exchange  experiments. 

The  most  focussed  UF  study  to  address  the  existence  of  a  microwave  effect  examined 
diffusion  of  ionic  species  in  glass  via  ion  exchange16-17,18-19’20'21.  In  this  study,  K+ 
from  a  molten  salt  is  exchanged  for  Na+  in  the  glass.  Figure  3  relates  the  dielectric 
properties  and  interdiffusion  of  K+/Na+  for  a  range  of  sodium  aluminosilicate  (NAS)  glass 
compositions.  The  structure  of  the  glass  can  be  altered  by  controlling  the  Al/Na  ratio  (K- 
ratio).  The  K-ratio  is  defined  as  the  x-ray  intensity  counted  for  the  K+  versus  those  of  a 
mineral  standard  (biotite  for  this  study).  The  structure  for  a  Al/Na  ratio  of  1.0  creates  a 
higher  potential  for  ionic  movement.  In  this  glass,  AT3  ions  reduce  the  ability  of  Na+  to 
bond  with  oxygen  and  Na+  ions  are  more  mobile. 

The  loss  tangent  (tan<5)  versus  Al/Na  (r)  ratio  plot  shows  a  peak  for  the  1.0 
composition  over  a  wide  range  of  ion  exchange  temperatures.  If  there  is  a  microwave  effect, 
it  may  be  more  easily  observed  under  conditions  where  maximum  losses  occur.  Indeed,  the 
four  plots  of  potassium  concentration  (K-ratio)  versus  penetration  depth  for  the  Al/Na 
ratios  of  0.2,  0.5,  1.0  and  1.1  exhibit  the  anticipated  behavior.  For  the  0.2  composition,  no 
difference  is  observed  between  the  conventional  and  microwave-processed  samples. 
However,  the  differences  in  penetration  depths  increases  substantially  for  the  1.0  glass 
before  decreasing  once  again  in  the  1.1  glass,  corresponding  to  the  drop  in  tanS  for  )1.0 
ratios.  As  seen  in  Figure  3,  for  the  0.2  and  0.5  glasses,  the  tan<5  values  show  no  significant 
differences,  while  a  definite  increase  in  ion  penetration  depth  is  observed  in  the  microwave- 
processed  glass.  If  the  observed  diffusion  enhancement  was  due  only  to  thermal  effects,  the 


tan<S  value  (a  measure  of  the  microwave  energy  absorbed  and  translated  into  heat  in  the 
material)  for  the  0.2  and  0.5  samples  should  have  reflected  this  in  an  increased  tan5  value. 
There  has  been  some  discussion  among  researchers  as  to  the  accuracy  of  temperature 
measurements  within  a  microwave  field.  For  this  study,  the  authors  believe  that  if  the 
microwave  sample  temperatures  were  higher  than  measured  by  the  monitoring  system,  all 
the  glasses  would  have  exhibited  an  increase  in  interdiffusion.  However,  this  was  not  the 
case.  In  fact,  the  r  =  0.2  glass  composition  was  identical  for  both  the  microwave  and 
conventional  processes. 

To  further  investigate  the  apparent  microwave  effect,  diffusion  studies  using  an  ionic 
pair  were  performed.  In  this  case,  K*  (80  mol%)  and  Ag+  (20  mol%)  were  used  in  the 
form  of  a  potassium  nitrate  (KN03)  salt  with  20  mole  percent  silver  nitrate  (AgN03)  added. 
The  NAS  glass  samples  were  exposed  to  the  salt  solution  for  30  minutes  at  400*  C  in  both 
the  microwave  and  conventional  ovens. 

As  seen  in  Figure  4,  both  ionic  species  diffused  into  the  NAS  glass  samples.  The 
silver  ions  have  a  higher  activity  than  the  K+  ions.  When  ion  exchange  processes  are  carried 
out  in  a  molten  salt  containing  both  silver  and  potassium  nitrates,  the  silver  ions  are  found 
in  greater  numbers  than  the  potassium  ions  at  the  surface  of  the  modified  glass.  The  Ag+ 
ions  diffused  deeper  into  the  samples  than  the  K+  ions  under  the  influence  of  conventional 
and  microwave  heating.  However,  the  depth  of  penetration  of  the  Ag+  ion  was  significantly 
increased  in  the  microwave  field  over  the  depth  achieved  in  the  conventional  environment. 
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Figure  4.  Microwave  and  conventional  diffusion  of  ionic  pairs  into  NAS  glass  samples 
with  ratio  of  Al/Na  of  1.0. 

Although  the  ion  exchange  experiments  performed  at  UF  indicated  the  presence  of 
a  significant  microwave  effect  in  certain  glasses,  other  studies  have  shown  little  or  no 
difference  between  conventionally  and  microwave-processed  samples. 

Silica  sol-gel  was  used  to  coat  soda-lime-silicate  glasses  that  had  been  flawed 
intentionally  using  the  Vickers  indentation  technique22,23.  Coated  samples  were  heat 
treated  using  both  microwave  and  conventional  techniques.  Figure  5  shows  a  Weibull  plot 
of  the  fracture  stress  for  both  sets  of  heated  samples  (at  least  15  samples  for  each  process) 
as  well  as  the  fracture  stress  for  an  uncoated  reference  sample.  The  sol-gel-coated  glasses 
shifted  to  higher  fracture  strengths;  however,  no  significant  differences  were  noted  between 
the  microwave  and  conventionally  heated  samples.  At  the  operating  frequency  of  2.45  GHz, 
no  pronounced  microwave  effect  was  observed. 


Control  of  Heat  Distribution 


As  presented  by  Johnson  et  al.24,  it  is  evident  that  the  hybrid  heating  cavity  used  in 
the  microwave  oven  can  have  a  significant  effect  on  the  processing  environment  seen  by  the 
samples.  Although  some  processing  has  been  performed  successfully  using  direct  microwave 
irradiation,  it  is  notable  that  many  researchers  in  microwave  materials  processing  are 
designing  elaborate  cavities  for  high-temperature  processing  and  for  increased  thermal 
uniformity.  These  techniques  range  from  re-designing  the  metal  microwave  cavity 
itself25,26  to  building  microwave  susceptor  cavities  to  surround  the  materials  during 
processing2,3.  The  susceptor  cavities  designed  by  various  groups  have  taken  on  different 
geometries  and  used  a  variety  of  materials27. 

In  contrast  to  the  picket  fence  assembly  used  by  researchers  at  Oak  Ridge  National 
Laboratory4,  the  UF  susceptor  cavities  are  composite  materials  made  up  of  silicon  carbide 
granules  embedded  in  an  alumina  matrix.  The  susceptor  elevates  the  temperature  inside 


Ln  fracture  stress 

Figure  5.  Weibull  plot  of  soda-lime-silica  glass  showing  effects  on  fracture  stress  of  sol- 
gel-coated  samples  heated  using  conventional  and  microwave  techniques. 

the  sample  cavity  rapidly  and  the  insulating  properties  of  the  matrix  helps  in  holding  the 
temperature  constant  inside  the  cavity.  The  use  of  suscepting  cavities  for  some  processing 
experiments  has  led  to  a  research  project  to  evaluate  the  heating  effects  resulting  from 
varying  the  amount  of  silicon  carbide  within  the  alumina  matrix. 

As  illustrated  in  Figure  6,  the  study  provided  results  to  confirm  that  increases  in 
suscepting  mass  can  increase  the  peak  temperature  inside  the  hybrid  cavity.  The  ramp  rates 
were  almost  identical  with  those  susceptor  cavities  with  higher  amounts  of  silicon  carbide 
showing  a  slight  increase  in  ramp  rate  for  identical  power  applied. 

For  materials  requiring  higher  peak  temperatures  or  increased  ramp  rates  over  those 
observed  in  the  SiC/Al203  system,  NiO  is  being  used  as  the  suscepting  agent  in  the 
composite  cavities.  This  choice  became  evident  during  the  interlayer  studies  (Figure  1). 
Temperatures  as  high  as  1670*  C  have  been  achieved  routinely  in  air  using  this  susceptor 
system. 


Figure  6.  Time  versus  temperature  curves  for  susceptor  cavities  with 
of  SiC. 


varying  amounts 


There  is  an  issue  of  whether  or  not  hybrid  heating  results  in  microwave  interaction 
with  the  material  inside  the  susceptor  cavity.  The  evidence  that  microwaves  were 
penetrating  through  the  salt  solution  and  to  the  surface  of  the  NAS  samples  is  shown  in 
Table  2.  This  is  evident  in  the  expression  for  the  percentage  of  power  absorbed  (Pa)  by 
each  experimental  component  in  the  microwave  cavity  during  processing.  The  hybrid 
heating  cavity  absorbed  approximately  13%  of  the  incident  power  (P;)  and  the  salt  solution 
absorbed  approximately  30%.  This  leaves  57%  of  the  microwave  power  to  impinge  on  the 
NAS  glass  samples.  While  all  of  the  incident  power  (P;)  certainly  was  not  absorbed  by  the 
glass,  a  significant  amount  of  power  was  available  for  absorption.  Although  these 
investigations  are  in  the  early  stages,  this  study  has  been  helpful  in  identifying  and  producing 
microwave  hybrid  heating  susceptors  for  other  on-going  studies. 

Application  of  Microwave  Energy  to  Selected  Processes 

While  the  research  conducted  at  UF  is  not  ready  for  immediate  commercial  use, 
processing  techniques  have  been  initiated  that  could  be  developed  quickly  for  selected 
applications.  Two  of  these  applications  will  be  highlighted  in  this  paper:  microwave 
combustion  synthesis  and  microwave  waste  remediation. 

Since  1990,  the  UF  team  has  published/presented  results  of  several  studies  in  the 
area  of  microwave  combustion  synthesis28,29,30.  These  papers  discussed  the  potential  for 
using  microwave  ignition  and  combustion  in  the  self-propagating  high-temperature  synthesis 
(SHS)  process  for  producing  composite  powders  and  monoliths. 

The  latest  work  on  microwave  combustion  synthesis  at  UF  has  focussed  on  producing 
high-purity  TijSiQ  composite  powders  from  Ti-Si-C  starting  powders31.  As  seen  in  Figure 
7,  the  x-ray  diffraction  analysis  of  the  phases  resulting  from  microwave  and  conventional 
processing  show  a  significant  increase  in  production  of  the  desired  phase.  Since  this 
material  is  a  point  compound,  the  ability  to  form  it  easily  is  a  significant  step  towards 
widespread  commercial  application  of  the  composite  powder. 


Table  2.  Power  Absorption  Characteristics  for  the  Experimental  Components  Exposed  to 
Microwave  Energy  at  2.45GHz. 
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Figure  7.  X-ray  diffraction  data  illustrating  the  formation  of  T^SiQ  from  Ti-Si-C 
powders  using  microwave  and  conventional  ignition  and  combustion 
techniques. 

There  is  much  interest  in  forming  this  composite  material  as  it  is  reported  to  have 
a  high  degree  of  fracture  toughness  and  has  good  potential  as  a  fiber  coating  in  SiC/Ti 
fiber-reinforced  composites.  Microwave  combustion  and  heating  could  be  used  to  synthesize 
the  TijSiQ  phase  as  a  matrix  material  for 

tough  ceramic  composite  structures.  The  microwave  process  has  been  shown  to  enhance  the 
kinetics  of  formation  of  the  required  phase  and  could  be  developed  into  an  efficient  process. 

The  second  area  where  microwave  energy  can  assume  a  central  role  is  that  of  waste 
remediation.  Environmentally  based  technology/business  ventures  are  already  emerging. 
As  more  industrialized  nations  realize  their  responsibilities  to  maintaining  health  and  quality 
of  life  for  their  citizens  and  for  future  generations,  environmental  regulations  will  be 
strengthened  and  their  enforcement  toughened.  More  cost-effective  methods  for  waste 
handling  must  be  integrated  into  .all  production  processes. 


Microwave  remediation  offers  several  advantages  over  conventional  methods.  Some 
of  these  include  mobile  and  remote  capabilities,  potential  for  handling  large  working 
volumes,  rapid  processing,  ability  to  reach  extremely  high  processing  temperatures,  enhanced 
reaction  rates  and  homogenization,  reduced  toxic  emissions  in  some  manufacturing 
operations,  adaptability  to  feed  materials  of  various  compositions,  size  and  shape,  and 
potential  energy/cost  effectiveness. 

Microwave  processing  has  been  used  at  UF  and  other  research  facilities  to  melt 
simulated  nuclear  waste  glass  in  significantly  reduced  times  as  compared  to  glasses  produced 
conventionally.  The  glasses  processed  in  as  little  as  15  to  30  minutes  were 
homogeneous32,33.  Data  from  short  term  leaching  experiments  show  that  the  chemical 
durability  of  the  microwave  processed  samples  is  comparable  to  that  of  the  conventionally 
processed  glasses.  While  microwave  processing  appears  to  be  a  promising  method  for 
vitrification  of  high-level  nuclear  waste  more  studies  must  be  conducted  to  fully  assess  its 
technical  and  economic  merits. 

Initial  studies  into  microwave  destruction  and  vitrification  of  electronic  circuitry 
showed  that  a  volume  reduction  of  greater  than  50  percent  was  possible,  that  important 
metals  could  be  recovered  easily  and  that  vitrification  could  be  achieved  as  part  of  a 
continuous  waste  processing  operation34.  Later  studies  showed  that  by  using  the  inherent 
glass-forming  properties  of  wastes  and  due  to  glass  interactions  with  microwave  energy, 
vitrification  could  be  achieved  in  some  wastes  without  the  use  of  additives.  Preliminary 
leaching  studies  on  some  types  of  circuitry  vitrified  using  microwave  energy  show  that 

current  EPA  standards  for  release  of  elements  into  the  accessible  environment  have  been 
met. 

A  new  area  of  study  in  waste  remediation  at  UF  is  the  destruction  of  organic  wastes. 
One  organic  compound  of  particular  interest  is  sodium  tetraphenyl  borate  (STPB).  The 
STPB  is  used  to  precipitate  out  cesium  in  high-level  radioactive  waste.  This  technique 
greatly  reduces  the  volume  of  high  level  waste  that  must  be  vitrified  prior  to  permanent 
geologic  disposal.  However,  the  organic  portion  of  the  resulting  compound,  cesium 
tetraphenyl  borate  must  be  significantly  reduced  in  order  to  be  compatible  with  the  glass 
matrix.  Currently,  an  acid  catalyzed  hydrolysis  reaction  is  used,  however  it  creates  several 
undesirable  side  effects.  Preliminary  experiments  exposing  the  STPB  to  a  microwave  field 
have  resulted  in  great  reduction  in  weight  (>80wt%  difference)  and  volume.  Sample 
residues  have  been  submitted  for  high  performance  liquid  chromatography  (HPLC) 
characterization;  however,  results  were  not  available  as  of  this  writing. 

More  information  regarding  the  studies  performed  at  UF  on  processing  of  both 
simulated  nuclear  waste  glasses  and  electronic  circuitry  is  discussed  by  Schulz  et  al.  and  is 
published  in  these  proceedings. 

SUMMARY 

When  initiated  in  1988,  the  research  on  microwave  processing  of  materials  at  the 
University  of  Florida  was  a  small  effort  consisting  of  one  graduate  student  and  a  home- 
model  microwave  oven.  Since  that  time,  microwave  processing  has  become  the  main  focus 
of  the  research  team  supporting  between  six  and  twelve  graduate  and  undergraduate 
researchers.  The  philosophy  of  the  team  is  that  microwave  processing  can  be  integrated  into 
both  traditional  and  novel  manufacturing  operations  to  produce  materials  with  properties 
equal  or  superior  to  those  that  are  processed  conventionally. 


There  is  a  microwave  effect.  In  many  cases  this  effect  involves  selective,  volumetric 
and  rapid  heating.  However,  in  certain  instances,  a  non-thermal  effect  also  may  be 
operative.  In  either  case,  processing  and  product  advantages  may  be  realized. 

Microwave  energy  has  been  used  as  an  alternative  to  conventional  heating  methods 
in  many  types  of  important  ceramic  processes.  Examples  of  these  include:  sintering,  surface 
modification  via  ion  exchange,  combustion  synthesis,  sol-gel  processing,  repair,  coatings, 
joining,  drying,  fabrication  of  superconductors  and  waste  remediation.  In  nearly  all  cases, 
there  appear  to  be  advantages  provided  by  microwave  energy.  However,  much  additional 
work  is  needed  to  determine  if  the  advantages  outweigh  any  disadvantages,  particularly  when 
the  processes  are  scaled-up  at  the  industrial  level.  Equally  important,  the  economics  must 
be  carefully  evaluated  and  demonstrated  to  be  in  favor  of  microwave  energy  before  large 
scale  commercialization  will  be  implemented  for  any  process. 
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The  reaction  between  zinc  oxide  and  aluminum  oxide  using  microwave  energy 
was  reported  earlier  [6).  This  paper  presents  the  reaction  and  diffusion  of 
zinc  oxide  in  crystalline  alumina. 
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coefficients  than  the  original  glasses,  induce  compressive  stresses  at  the  crack  sue  that  result  in 
additional  strength  increases  |4.5|. 

Microwave  cncrgy  has  b<xn  asaJ  successfully  to  process  a  variety  of  materials  |9-M). 
This  technique  offers  some  advantages  over  conventional  hearing.  Shorter  processing  times  and 
REPAIR  OF  GLASS  BY  SOL-GEL  COATING  USING  EITHER  CONVENTIONAL  OR  enhanced  materials  properties  have  been  reported.  The  overall  objective  of  this  work  was  to  study 

_ _  Inc  effert  nf  mirrnwiuh  _ _ _  .i_  .  ' 
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Effects  of  soaking  time  on  the  strength  arc  presented  in  Figure  4.  It  evident  that  soaking 
limes  greater  than  10  min  had  no  effect  on  strength  for  either  conventional  or  microwave  hybrid 
heated  samples.  Also,  the  effect  of  heating  rate  was  negligible  <Figurc  5). 
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Figure  3  Fracture  surfaces  ul  uUcnial  glasses  from  SEM.  Figure  5.  Microwave  fast  heating  by  hybntl  heating  method,  (a)  Heating  schedule,  (h)  Fraaure 

strength. 
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microwave  energy.  The  growth  stage  of  the  heat-treatment  executed  in  the 
microwave  produced  samples  that  appeared  uniform  in  color.  X-ray 
diffraction  analysis  confirmed  that  the  volume  fraction  of  the  crystal  phase 
may  be  controlled  by  varying  the  processing  parameters.  It  was  also 


Figure  1.  Relative  percent  crystallinity  vs.  time  for  Li20-  2Si02  heated  Figure  2.  X-ray  diffraction  patterns  for  specimens  heat-treated  at  540  • 

using  microwave  energy.  using  microwaves. 
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insulation.  Depth  profile  curves  for  aluminum  and  zinc  isotopes  in  the  single  crystal 

alumina  (Hemlux)  were  obtained  using  secondary  ion  mass  spectroscopy 
After  the  heat  treatments,  cross  sections  of  the  samples  were  prepared  (SIMS).  The  results  are  shown  in  Figure  2a  and  2b  for  both  the  microwave 

for  analysis.  Scanning  electron  microscopy  (SEM)  micrographs  and  their  hybrid-heated  and  conventionally  processed  samples.  The  penetration  depth 
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Figure  2.  Depth  profiles  curves  for  aluminum  and  zinc  isotopes  in  single 

Figure  1.  SEM  micrographs  and  corresponding  x-ray  maps  of  the  single  crystal  crystal  alumina  (HEMLUX)  heated  for  180  minutes  at  1100*C  by  a) 

alumina  heated  in  zinc  oxide  for  180  minutes  at  1100'C  microwave  energy  and  b)  conventional  energy 


**  S  o  2  o  c 
^5  3^-2 

n  I  S  i  ?  .1 

5  & » 5  ^ « 

sgs  . <»  2 

JpEg  &?-£ 

X  .  «  W 
C  ^3  y  rt 

:ilKi 

!?  s  g  §  2 .8 

J5Ka? 

w  «  *j  ir  •- 

r*  4>  r  TJ  «  -« 

8  JT~  §  >3  ^ 

u  c  O  °  -o 

»gU^cS 
«  •§  c  j5*  .2  o 

•O  M  3  "2  w  « 

8  «» -o  ^  .S  o  «; 
o  w  c  3  e  3  o 

2  «  «  8  S  5s 
8|6«8E° 

3  cH  3"  O 

o  n  o  ».  S.  -°  • 

2  i*  O  u  rt  e 

-O  .2  >  W  «  c  -£ 
o  E  gM  3  t 

£  S  o  ^  ^ 

H-g  S  -  .  £  E 
J5-  ”  g  £  ?  5>« 

-3  J=  JC  I  i  .s  £> 

«  a'5«  .&  §  > 

«  a  TJ  ta  o  o--2 
“  2  ire  -2  s  jc 
*c  c  «  g  “  t  -5 

3  8  £  a  ^  8  5 


0  I  0  i  oul 


I  ,*/»..#  ' '■'****  •• 


•  *v  ••!.•  '  •  •!!»  .  #.  *•  •  *.•'  J  I 


rag^PN 

odor'  o  d  To  Vo  u 


w*  •  -#  r.v  ftirvyr^tM 


3  D 


-co  a  c 

**  o  -  ■»  O 

v_  >  o  3 
°  “  u  o 
-  2  c  o 
C  —  c 
o  c  o  2 
E  .2  •£  •= 

3  3  -  u 
c  a  j  c 

jS5.S 
g  III 
«  j>  3 55 

J.5  Q.C 

Swr's 

O  .  -c  CJ 

^5  2.^0 

C  O  c  W 

ilal 

•R  «  O  « 

t.  5  -rp'  « 

o  o  8  *■  c 

-  5  =  ^  a 

5  2  5:  o  o 
•2  c  -  o  c 

a  o  E  i:  o 
2  -C  g  T3  0 

o  “  c  .2  & 

g  —  .2  jc  3 

a3  3  5.2 

'x  =  £  0,0 

O  U  o:  D  r 


O  c  ~  —  -c 

•o  o  O  2  > 
o  *5  3  o  -g 

u?  O  O  J3 
rt  u  g  1  u 
T  rt  o  ^ 

o  d  _  c  e 

|5  s  =  “  J 

ON.S3 


•2  o  o  s  o  *s  o 
c  >  »_  •  *  jz  3  o 

•2  -  S  „  -  p= 

g  o  -  O  C  o  ^ 

3  C  *7?  C  „  O  O 

1  g  5  °  o  £ 

O  vi  t  V.  O 

iS^U  =  E 
u»Igo->- 
■5  •=  -o  •=  -  o  2 

•c  -2  C  c  O  D.  ^ 

|SJ|: ;S 

3  .S  E  n  ‘3  2  ■» 

=  —  g  «  o  E  O 

w  2  .5  a  rt  o 

o  -5  -O  O  S 

3^  «1 2  r 3 
w  rt  .5  fl  r  (0 

3  H  |  s 

S  «rt  s  -  c  o 

o  c  2  3  cr  > 

•3  O  lO  "O  n  o  ' 

E  a  t'  o  ^  j2 
o  S  0  «  ?  » 

w  °  o  b  .2  r -5 
.3  E  ^  £  c  w 
5  3  .=  |  *-  «  ,E 
■-S  !  "  Q.  s  y  E 

5  fci.  „  -  o  3 
p  =  °0  g  o«, 
g  <«  iT  p  -°  —  . 
-  i.  u  U  c  »  2  1 
e.o'o  Ifl  H  v- 

Z"~  S  .5  S  %  c 

V»  00  DO  u.  V  0 

jc  ,E  "2  v2  3  o 


X  £•§- 

O  ^  3  C 


3  C  T3  M  O0f 

W  Q  -Q  ^  O  c 

'5  3  ^  6  2-'^ 

3  t  p  «  E  o 

3  '  “  t  'O  rt  r~  • 

00  -a  o  —  S  t  u. 


0  0  0  5  "00  10  iOU 


■300 
o  -C 

fl  j  ^ 

cx 

u  /  L‘ 

^O  g 

*0  E  -c 


9-fr-  ^ 


w  rt  o 
3  0  0 
o  JZ  <N 

C  *n 
O  .  S  — 
JT  fc- 
•-  JO 

V) 

d  -c  o 

*5” 

|  |-0 

c  o  c 

JE2  o  ^ 

C3  •-  L- 

E  o 

n  X) 


0^82 

'£  04  -a 

”1 
^  n  "S  D 
■o  E  S-o 

?  0  2t> 

"»  5  ^.,0 

O  00  rt  o 
C  Xr  — *  *j 

o  .E  -3  ? 

C  c3  vn  vi 
—  O  O 

o  o  c 
?  0 


■=>5  > 


•’  0  o  c 

C  ~  1— 

w  «  y?  “ 

3  5-5.2 

■o  a?o 

g  ? 

O  O  (✓>  vi 


2 

g  —  rj 
.  o 


4 


c 

o 

E 

3 

1 

O 

u 

XL 

U 


o 

>> 

,-3 


*o 

c 

ci 

jo 

c 

o 

o 

CJ 

O 


o 

o 


c 

o 

o 

_o 


rj 

XL 


«> 

«  3 

1 1 

o 

1  a 

,  k. 

2  o 

o  e 
-C  o 

—I  ° 

g  > 
£  13 
2  S 

-  2 

«.« 

s  a 

o 
u  ’Z 
*o  o 

w  o 

o  o 


*5  a  g  a 

So-So 

5-311 

«  ba  c 

5  2  Z  8 

■3  |  g  t 

“  -S  *e  ^ 
•E’cX 

VI  >  ,£f 


oo 

c 


50 


CO 


to 


o 

c. 

a. 

2  Z  o 
V  S 

k_ 

3  C  t- 

|  .2  -o 

E  "  c 

O  .2  3 


f1 


s? 

o  t; 
■o  o 

J8  a 


‘■5  E 

o  -  o  3 
c  „  c  'p 
o  •—  ■—  c 
a  jM  o 


«  5! 

Q.  O 
*>  i 
o 


I  E 


—  •?  x+  y 


z 

o 

co 

3 

_J 

U 

z 

o 

u 


TQ  Cl 

o  ‘C 
o  t> 

c  « 

if  E 

O  JJ 

*  y 

o 

o 

2  | 
rt 

*o 

73 


XL  TT 

-o'-2 


w-  _r: 

O  o 

w  U 

C  £ 

O  *— 

_  *o 
o  o 

=  I  -A 

-E  x>  2 

5  o 

C  5  XL 
o  >  w 


c 

<73 

a_ 

C 

k- 

rj 

Q. 

O 

c 

0 

C3 

c 

CJ 

uO 

E 

0 

0 

0 

CJ 

lc 

c 

k. 

E 

CJ 

0 

0 

J= 

cr 

XJ 

c 

73 

0 

p 

t/3 

£ 
UJ 
— - 
-t 
UJ 

o 

a 

uj 

rJ 

o 

2 

u 

< 


D  It  T1  „• 

§•§  3  a 

S  S  a  h 

•§  •2.0  S 

0  0.0 

.,<05: 


■go. 

ca  jJ 


u 


U 

c 

ts- 

2  0  s 


UJ 


O 
U 

.  o 
-  vo  r\  oo 

S  Sf°  .a 

*H  !?  o  E 
£  o  7  _ 
h  bO  ° 

•  «E  o-  u 
jS  B- 


rt 


.  D.  g 

>  a  s 

O  ri 

•o  '3  _:  o 

coo 

> 


U 

<! 


a  'S*  & 

1  ,a  &'g 

n  I-  dirt 

..(<■.  u 

o  S'? -a 

I  §S  g 

!§§^ 
c  -  rt 
u 

Cl  -- 

3  o* 

C 

<  o : 

u 

CT3 

•2  ^ 

•o  E 
o  2 
00  H 


u 

_ Sr- 

E  ■* 


2s  c  i*  ;t 

5  a  ai 

£  fc-o  & 

S  o  .  ft 
o  4  W  G 

wFq^ 

o  Sd.ij 

“is  i 

Cj 


C  rt'O 

-  3  ui 
rt  O  o 


o 


^  O 


CO 

u 

O 

z 

s 

UJ 
u. 
UJ 
c t 


Ui? 

03  o  S 

.  E  S  *4 
R  S  S  u 
o' ,«  a-  . 

U  ^  c 

►f^r.2  § 

2§^ 
^  rt  . 


o.  x: 

2  o 

N_-U- 

I  . 

O  N 


E_  I 

oO  ' — ' 

o 

r  "O 
o  C  o 

E  £  c 
g  E  -  2 

•-  o  7;  “ 
M  U  C  (/5 
O  2  O 

!=  &  S  X 

XJ  l-  x  ' 
o  «i  ^ 

<5UJ  CO 

•-  c 

o  o  n 

S  IS 
■§  I  SO 

^  U°. 

a.u. 

y»<  xT 

C  u 

7.  'g  « 

D  «U 


X  - 

^  *«-> 


w  t> 
vO  (J 


O 


o  is 

|Sg 

l'5>° 

2  a 


S 

u 

O 

t£ 

s 


o 

cr: 

d 

c 

I 


u 

I  I 


°  ul  -E 

O  O  V? 


f  o 

UJjC 


o 

o 


O  ^ 

o  -o 
-  « 


c 

3.5 
d  ■ 


o 

^  Ir:  t:  5 

„  fij  rt  i_ 

CN  »  h  0-  C 
2 

^i;i*  «  3 

xo«  *5”. 

°.  w.  i  |  ? 

t  x)  U  £  ti 
C  a  ^  c 
«  a  0  £  m 

7  *o  a  -3  o 

"  a  5  S  « 

d  E  g  .2  0 

3  g;d 
£  ci  <  u.' 


CO 

c 

k- 

o 

c 

^  C5 

r-  O 
ON  > 

OS  C3 

c  ^ 

o  ^ 
X  {3  £! 

0is§ 

o  «  W 

—  4  ° 

c  3 

w  ^  vn 

1/1  .  » 

o  n 
>  H 


c 

rj 

.c 


r.0 

1.5 

0  E 

M  3 

•g 

8  a 

'Z  vn 
O  ^ 
C  o 

O  o 

Z 

.  c 
2  - 
>  c 
c  « 

si 

O  CJ) 

c  o 

o  .c 


o 

u 


nj  c 

o  SJ 

?  a* 
^  CL 
O  .-3 


So 

o 


a>  7) 

-5  * 

V..  ^ 

o  o 

V.  .£3 

^  p 

rt  c. 

E  o 
.  o 
✓  » 

73  V- 


^  O 
~D 


C  U  <o 
O  C  -C 

o-g- 

w  o  ^ 

2  c  o 

cj 


o  2 

II 

\n 

CO 

C  V 

.  _  k. 


a 

c 

tr. 

CJ 

JL> 

O 

c 

0 

XL 

U 

k_ 

CJ 

0 

"E 

3 

I/O 

O 

to 

on 

O 

on 

E 

Vm 

V 

> 

O 

3 

CJ 

k- 

O 

E 

a 

u 

.5 

\Si 

O 

o_ 

0 

0 

JC 

a.  cl  - 


*0 

cr 

0 

CJ 

C 

O 

CJ 

E 

0 

O 

(X 

E 

3 

0 

O 

t— 

XL 

u 

0 

JO 

O 

0 

t- 

00 

CO 

3 

i> 

E 

0 

2 

•C 

CO 

c 

l— 

CJ 

6 

0 

k« 

-C 

to 

0 

E 

0 

0 

(X 

u 

c 

CJ 

0 

1 : 

k- 

3 

CJ 

u 

CJ 

V— 

a 

0 

E 

0 

E 

E 

.c: 

r.. 


X 


E-<- 


Ci) 

c 


-  5 


O  li 

1-  c 


L  X 

c: 

0 

0 

Z 

/. 

0 

k- 

0 

CJ 

^  UJ 

c 

O 

k_ 

E 

UJ  X 

c 

0 

CL 

O 

00  ' 

*2 

0 

«> 

on 

CJ 

‘.X 

-C 

to 

./,  (: 

0 

CJ 

;*  n 

c: 

XJ 

S 

rr 

r. 

;  1 

c, 

o  CJ 


Z) 
*  r3 


